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ABSTRACT
The primary focus of this study is the evaluation of oil consumption and lube oil derived
particulate emission rate characteristics for a direct injection diesel engine. Ring pack configurations, air
intake manifold pressures, engine speed and engine load were varied to obtain a general cause-and-effect
relation. A Real Time Oil Consumption (RTOC) Sulfur Dioxide-based measurement technique was used
to measure oil consumption (OC). A scaled down version of the EPA Constant Volume Sampling System
was used to measure the total particulate emission rate (TPR). The dilution tunnel used by Laurence [2]
was modified to dilute the entire exhaust flow as opposed to only a fraction. Three ring pack and three air
intake manifold pressure configurations were studied during steady state operation, at three varied speeds
and loads, in an effort to 1) validate the relationship between OC and the particulate emissions, and 2)
develop an empirical correlation between the OC and the lube oil derived TPR. Four tests were conducted
for each speed and load combination and air intake pressure for ring pack one and for ring pack two for
two speeds and loads (total of 98 particulate samples). Two tests were run for ring pack three at two
speeds and loads (total of 8 particulate samples). Each particulate sample was collected on a 47mm teflon
coated glass fiber filter and analyzed via a soxlet extraction method [ORTECH] for determination of the
soluble organic fraction (SOF). Further analysis was conducted of specific samples for determination of
the lube oil contribution to the SOF.
A secondary study was also completed in conjunction with the above which evaluated
comparisons between a portable Gaseous Emissions Detector ENERAC 2000ET M , which utilizes
electrochemical sensors, and the MIT Gas Cart, which utilizes a combination of infrared, polarographic and
chemiluminesent sensors, to identify the relativistic trends of the two machines. Good correlation between
the two apparatus will assist the Coast Guard's effort to validate the use of electrochemical sensors for
monitoring mobile sources of gaseous emissions.
Thesis Advisor: Alan J. Brown
Title: Professor, Department of Ocean Engineering
Thesis Supervisor: Victor W. Wong
Title: Lecturer, Department of Mechanical Engineering
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Chapter 1
INTRODUCTION
1.1 Background.
The primary motivation for this research project stems from the International
Maritime Community's interest in reducing air pollution from ships, specifically,
MARPOL Annex VI - "The Prevention of Air Pollution From Ships". In an effort to
obtain a clear insight into the pollution characteristics of diesel engines (particularly those
in marine applications), the United States Coast Guard in conjunction with the Maritime
Administration (MARAD) co-sponsored the research project "Characterization and
Assessment of Diesel Particulate Emissions Reduction Via Oil Consumption Control",
MARAD Contract/Grant Number: DTMA91-95-H-00051.
This thesis focuses on two topics that influence the control of air pollution from
ships. The primary area of study is determining the relationship between the lubricating
oil derived particulate emission rate and the engine oil consumption. If such a relation
does exist, then by controlling oil consumption, particulate emissions can be attenuated.
The secondary area of study attempts to provide equivalence data for the
ENERAC 2000ETM portable gaseous emissions detector, which utilizes electrochemical
sensors, by comparison with validated analyzers that employ infrared, polarographic and
chemiluminesent sensors. The validation of this briefcase-sized detector for shipboard
applications will allow for simple adaptation to any vessel for the monitoring of air
pollutants emitted by engine exhaust.
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1.2 Previous Works.
The reduction of particulate emissions from diesel engines has been the subject of
many studies in recent years. Diesel particulate matter is a complex mixture of organic
and inorganic compounds in the solid and liquid phases that can be described as any
exhaust component, other than uncombined water, that collects on a filter in a dilution
tunnel at a temperature < 52 C [1]. Some of the many products of incomplete
combustion of the diesel fuel and engine oil absorb onto the carbonaceous material of the
particulate. This fraction, which is extractable in an organic solvent, is termed the soluble
organic fraction [14]. It has been shown that, dependent on the operating condition,
between 30 and 80 percent of the soluble organic fraction (SOF) is derived from
lubricating oil [9] and that substantial reductions of the total particulate rate (TPR) could
be achieved by controlling oil consumption [12].
Studies dating back to the early 80's have shown that engine lubricant
consumption contributes siginificantly to diesel exhaust particulate emissions. The
problem is less severe at high loads, as most of the consumed oil is oxidized due to higher
temperatures. The general observation is that the lubricant fraction of particulates is
greatest at light to medium load conditions where combustion chamber temperatures are
less capable of oxidizing the lubricant that finds its way into the combustion gases.
Conclusions in recent reports [21] indicate that it is necessary to further reduce lube oil
consumption to reach mandated diesel particulate emission levels.
It has also been shown that for boats and ships maneuvering in harbors and ports,
marine engines are operated at predominantly low speed and low to medium load
conditions [19] that favor the "survival" of oil particulate in the exhaust and inhibit their
oxidation.
The results of these previous works indicate that the particulate rate decreases
with theoretical decreases in oil consumption. This conclusion suggests that particulate
rate data needs to be collected simultaneously with oil consumption data to better
understand and quantify the relationship.
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Chapter 2
MOTIVATION
2.1 Motivation.
Air pollution is a growing problem in today's in, :astrialized society. Movements
to control this ever-increasing danger to the environment and the health of workers
throughout the world have become extremely prevalent. Of particular interest are
particulate emissions from diesel engines. Diesel exhaust particulate is considered a
potential health hazard due to its association with some polycyclic aromatic compounds
(PAC) that are present in the soluble organic fraction (SOF). The emission of some of
the PACs to the environment constitute the largest group of carcinogens among
environmental chemical groups [9].. Approximately 90 percent of diesel particulate
encompass a size range of 0.0075 to 1.0 microns. Due to the ability of these particles to
be inhaled and eventually trapped in the bronchial passages and alveoli of the lungs,
particulate matter poses a very serious health concern [21].
Other studies focusing on non-cancer health effects have raised equally alarming
concerns. By correlating daily weather, air pollutants and mortality in five U.S. cities,
scientists have discovered that non-accidental death rates tend to rise and fall in near
lockstep with daily levels of particulate (more so than with other pollutants) [29].
Confirmation of these findings make airborne particulate levels the largest known
"involuntary environmental insult" to which Americans are exposed [29]. This pollutant
clearly affects a wide variety of people whose livelihood links them to these possible
dangers of particulate emissions. Without control of diesel particulate emissions, the
potential health hazard will get much worse as diesel vehicle use continues to grow
throughout the world.
These reasons alone demand that research be continued to determine means of
controlling particulate emissions. The Environmental Protection Agency (EPA) has
issued stringent regulatory controls, as required by the Clean Air Act, requiring severe
23
reductions in particulate emissions from heavy duty diesels. Specifically, a 1994 heavy
duty diesel standard of 0.10 g/bhp-hr and a 1996 urban bus standard of 0.05 g/bhp-hr
[21,29] were enacted. Therefore, it is imperative that the research and development of
particulate emission reduction strategies be continued in order to meet these standards.
The heaviest portions of the extractable particulate material have properties very
much like those of engine oil. This fact has led to the qualitative conclusion that much of
the extractable portion of the particulate emissions may be derived from the consumed
engine oil [30]. Therefore, particulate emissions could be effectively reduced if OC is
decreased. Figure 2.1 displays the effect of oil consumption on oil derived particulate
emissions for one engine operating condition [17]. The trend supports the theory that
reduction of oil consumption would result in significant reductions in particulate
emission.
Figure 2.1
Relationship Between OC and Oil Derived Particulate
(Reproduced from SAE 900591)
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(Reproduced from SAE 900591)
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This study attempts to quantitatively describe the relationship between oil
consumption and the lube oil derived particulate rate by simultaneously collecting OC
and TPR data. The specifics of data collection, oil consumption calculation, and
particulate rate calculation are described in Chapters 3 and 4.
The second portion of this study focuses on the comparison of gaseous emissions
results of two measurement systems, the ENERAC 2000ETM and the MIT Gas Cart, in an
effort to validate the use of the ENERAC, a briefcase-sized electrochemical sensing unit.
The ENERAC was originally designed for monitoring emissions from stationary land
based sources. Recent studies have attempted to gain EPA recognition, for shipboard use,
by demonstrating that the portable analyzers results are comparable to much larger, rack
mounted devices used on shore, and the multiple instruments used by Lloyd's Register
aboard ship. The increasingly stringent emission standards demand the testing of ship
emissions to determine the magnitude of emission problems and the monitoring of the
effects of reduction strategies [20]. Shipboard application of emissions monitoring
equipment will always be space limited and could therefore be very costly if modification
is required to accommodate the equipment. For these reasons, it is important that the
device be compact to limit any potential impact on the operation of the vessel thereby
making the ENERAC an ideal choice. To this end, additional equivalence data must be
collected from other methods of analysis to validate the shipboard application of the
ENERAC 2000E TM .
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Chapter 3
EXPERIMENTAL SET UP
3.1 Test Bed.
An experimental Ricardo Hydra single cylinder, direct injection, naturally
aspirated diesel engine, developed by Cussons Technology, was utilized as the test bed
for this research project. The engine specifics are listed in Table 3.1.
Standard D1 Hydra
80.26 mm
Stroke: 88.90 mm
# Cylinders: 1
Swept Volume: .4498 liters
Compression Ratio: 19.8:1
Aspiration: Natural
Rated Speed: 4500 RPM
H2 0 Out Temp: 85 C
Oil Inlet Temp: 850 C
Tappet Clearances: 0.4 mm
Valve Timing: IO - 100 BTDC IC - 41° ABDC
EO - 58° BBDC EC - 11° ATDC
Fuel: Ultra Low Sulfur Diesel (< 0. Ippm)
Oil: Lubrizol 30W
Table 3.1
Engine Details
The engine's lubricating system had previously been modified to allow for
separation of the piston/ring pack lubrication system from the valve train lubrication
system. This ensured that the oil consumption being measured was strictly from the
engine cylinder operation. However, the intent of this project is to relate the lube oil
derived particulate rate characteristics at various speeds and loads to the overall engine oil
consumption, not oil consumption due to just ring and piston dynamics. Therefore, it was
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determined that the lubricating systems would be operated as one system and not isolated
for the purposes of this study.
An ultra low sulfur diesel fuel (<0.5ppm), supplied by Cummins Engine
Company, was used to ensure that the fuel contributions to the sulfur level of the exhaust
would be insignificant (< 5%). The low level sulfur content in the fuel also reduces the
particulate rate by reducing the amount of SO4 that is contributed to the TPR.
Conversely, a high sulfur oil (-1.27% sulfur by weight), the details of which will be
described in section 3.2, was used.
The engine was fitted with two additional measurement apparatus. A sulfur
dioxide-based real time oil consumption measurement system (RTOC) (see section 3.2)
and a particulate emission measurement system (see section 3.3).
3.2 Oil Consumption Measurement System.
3.2.1 System Description.
A sulfur dioxide-based diagnostic system was fitted to the engine to measure real
time oil consumption (RTOC). An exhaust sample was taken from the engine exhaust
manifold and drawn through a furnace that heats the sample to 10000 C to completely
oxidize any sulfur compounds and bum off carbon based particles. From the furnace, the
sample flows through two parallel 60 micron filters, and a heated line to the sulfur
dioxide analyzer where the sulfur dioxide level is recorded by a data acquisition system.
The output voltage, which corresponds to the sulfur dioxide level in the exhaust is then
converted to oil consumption via the calculations in Chapter 4. Complete descriptions of
the RTOC system operation can be found in Diesel Engine Instantaneous Oil
Consumption Measurements using the Sulfur Dioxide Tracer Technique, by Schofield,
May 1995 [4] and in Assessment of a Sulfur Dioxide Based System in Characterizing
Real Time Oil Consumption in a Diesel Engine, by Jackson, May, 1996 [3]. A detailed
drawing of the RTOC configuration is shown in figure 3.1.
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Figure 3.1
S02 Based Real Time Oil Consumption Measurement System
Lubrizol 30W oil was used in the engine during testing. Lubrizol 30W provided
two advantages for the SO2 RTOC system. The first is that Lubrizol possesses a
consistent sulfur content throughout the distillation fractions with good material balance
(sulfur recovery). This eliminates the potential for false measurement of the oil
consumption by ensuring that sulfur components do not vaporize and detach from the oil
even though the oil is not consumed [10]. Secondly, since it was important to maximize
(in comparison with other sources) the sulfur content in the engine oil, Lubrizol 30W
with sulfur content - 1.27% sulfur by weight was ideal when used in conjunction with the
ultra low sulfur fuel. The engine was run for 50 hours prior to conducting any testing to
allow sufficient break in time for the oil. Table 3.2 and 3.3 provide lists of the fuel and
oil properties.
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API Gravity: 39.8
Flash Point: 68.90 C
Pour Point: -20.60 C
Cloud Point: -23.3° C
Viscosity (Cs () 40° C): 2.7
Sulfur Content (Weight ppm) 0.1
Hydrogen to Carbon Ratio: 1.88
Heat of Combustion (MJ/kg): 43.1
Particulate Matter (mg/liter): 5.06
Cetane Index: 55
Cetane Number: 42
Table 3.2
Diesel Fuel Properties
Brand Lubrizol High Sulfur
Type SAE 30W
Sulfur Content (% by weight) 1.27
Table 3.3
Lubrizol 30W Properties
3.2.2 Sampling Procedures.
The SO2 analyzer was calibrated each day prior to testing. Detailed calibration
and operating procedures can be found in Assessment of a Sulfur Dioxide Based System
in Characterizing Real Time Oil Consumption in a Diesel Engine, by Jackson, May, 1996
[3]. The engine was run at 3200 RPM at high load (15 N-m) for approximately 45
minutes so that conditions would stabilize. Typically, once the SO2 system was
calibrated, the engine conditions were stable and data collection commenced.
Immediately after opening the engine sample pneumatic valve, bypass flow was adjusted
to at least 1.5 liter/min. This was accomplished by throttling the flow of the engine
exhaust, thereby producing sufficient back pressure to force the required bypass flow
through the SO2 system. Exhaust manifold pressures were monitored to ensure that the
engine operating conditions were not affected by the exhaust back pressure. Changes in
exhaust back pressures were found to be insignificant for all operating conditions. OC
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data was collected for 40 minutes, the duration of one test sequence. Upon changing test
conditions, the engine parameters (primarily oil out and exhaust temperatures) were again
allowed to stabilize prior to resuming OC measurements.
3.3 Particulate Sampling System.
3.3.1 Particulate Sampling Theory.
Diesel particulate matter is composed of a carbonaceous core whose building
blocks are carbon particles formed in the cylinder during combustion. These particles
adhere to one another forming agglomerates that form the core of the diesel particulate of
solids (SOL) [1, 14]. Once exhausted to the atmosphere, the exhaust gas is cooled and
diluted by ambient air which initiates the adsorption and condensation process. At this
point, some of the many products of incomplete combustion of the diesel fuel and engine
oil absorb onto the carbonaceous material of the particulate. Figure 3.2, a reproduction
from reference [1], displays the particulate formation process.
Time
Hydrocarbons
Cylinder
Dilution Tunnel
Figure 3.2
Particulate Formation Process
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The objective of most particulate measurement techniques is to determine the
amount of particulate being emitted to the atmosphere [1]. The intent of the dilution
tunnel sampling system is to simulate release of the exhaust gases to the atmosphere. The
exhaust is cooled by ambient air to a temperature of 52 C or less [1], initiating
adsorption and condensation, and completing the particulate formation process.
Particulate samples are then be collected by filtering the dilute exhaust gases. The
specific procedure is described in section 3.3.2.
3.3.2 System Description.
A Mini Dilution Tunnel was constructed by Laurence [2] and used to collect
particulate samples. This system was a scaled down version of an EPA Constant Volume
Sample Dilution Tunnel similar to the one described by Wong [31]. However, the
dilution tunnel was modified to dilute the entire exhaust flow vice only a fraction.
Particulate samples are collected simultaneously with oil consumption data during
steady state operation of the engine at various speeds, loads, air intake pressures and with
various piston ring configurations. The exhaust is directed through flexible stainless steel
tubing into the main stream of the dilution tunnel. Previously, Laurence [2] and Ford [5]
had used the dilution air as a means of creating suction, through a venturi, to draw the
sample into the dilution tunnel, and as a temperature stabilizer. However, due to the need
for a specified flow through the RTOC system, all the exhaust is directed into the dilution
tunnel in order to provide sufficient back pressure and generate sufficient flow through
the SO2 RTOC system. Therefore, the dilution air serves primarily as a temperature
stabilizer for the exhaust stream. The dilution air, provided by shop air compressors, is
filtered with a 2 inch Balston A15/80-DX filter to remove oil and moisture from the air
(the stated removal effectiveness of the filter is 93% [2]). Concentrations of carbon
dioxide are measured in both the raw and diluted exhaust lines to determine the dilution
ratio. A sample of the exhaust mixture is then drawn through a 3/8" 316 stainless steel
line, through a Pallflex Teflon coated 47mm glass fiber filter, P/N TX40HI20WW,
mounted in a Graseby Anderson 316 stainless steel filter holder, P/N SE273. For better
particulate adhesion, the Pallflex filters are installed in the holder with the teflon side of
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the filter exposed to the sample flow. A Precision Scientific Petroleum Instruments
Company Wet Test Meter is used in line, after the particulate filter, to measure the
volumetric flow of the sample. A positive displacement vacuum pump is used to draw
the sample through the collection system.
3.3.3 Sampling Procedures.
Initially, system calibrations were completed. The Wet Test Gas Meter was
calibrated in accordance with ASTM D-1071 "Standard Test Methods for Volumetric
Measurement of Gaseous Fuel Samples" [32]. A siphon was used to draw air through the
meter which displaced a measured amount of water. The amount of water displaced is
equivalent to the amount of air (gas) drawn through the meter. Several data points were
collected and a calibration curve was developed, applied to the particulate sample volume
data and is included in Appendix III. Additionally, the wet test gas meter was fitted with
a telemetry system. This system was used to count the number of revolutions of the large
pointer on the meter which was converted into the sample volume. As soon as the OC
system was on line and sampling, a filter was loaded into the holder and wrench tightened
to avoid o-ring bleed. The initial position of the large pointer of the wet test gas meter
and sample start times were recorded. Sample collection was initiated by energizing the
vacuum pump and opening the sample line isolation valve. Depending on the testing
condition, the sample times ranged from 5 to 20 minutes. Adjusting the dilution ratio
lengthened and/or shortened the required sample time. CO2 concentrations were
measured every three minutes for the duration of the test period. Halfway through the
period, the CO2 sample was switched from raw to dilute via the three way valve shown in
Figure 3.2 to obtain the dilution ratio. Once the system (between the sample isolation
valve and the wet test gas meter) had stabilized, system temperatures were recorded.
Close attention was paid to the line temperatures before and after the filter to ensure
temperatures were below 52 C [1] throughout the duration of sample collection.
Maintaining the filter face temperature below 52 C helped to ensure the proper
adsorption and condensation of hydrocarbon on the carbonaceous fraction of the
particulate [14]. Additionally, it was attempted to maintain the filter face temperatures
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constant at +/- 2 C between repeated test conditions. This has been reported to aid in
obtaining consistent particulate data. It has been shown that dilution tunnel temperature
has a greater effect on the process of adsorbing hydrocarbons onto solids (producing
SOF) than does the actual hydrocarbon concentration in die tunnel. More consistent data
was obtained when the filter face temperatures were held constant [14]. However, for
this system, adjusting the dilution tunnel temperature during particulate collection would
have altered the sampling conditions thereby providing erroneous results. Therefore,
dilution tunnel and engine operating conditions were closely monitored and reproduced to
obtain the constant filter face temperature between repeated test runs. The results showed
that approximately 60% of the test conditions maintained filter face temperatures within
+/- 2° C, while the remaining 40% were within 6 ° C.
At the completion of the sampling period, the final position of the large pointer of
the wet test gas meter and the total number of meter revolutions were recorded and the
filter was placed back into its casing, taped closed, doubled sealed in ziploc bags, and
placed in storage at a temperature of less than 4° C. At this point a second filter was
placed in the holder and the procedure was repeated. Two particulate samples were
collected per test run for each test condition for ring pack one. One particulate sample
was collected per test run for each test condition for ring packs two and three. The
typical time sequence of events is outlined in Table 3.4.
ifitioy nuraio
Minute 0 Commenced Emissions Measurement. 40 min (3 min intervals)
Minute 1 Set up for Particulate Sampling. 1 min
Minute 2 Commenced Particulate Sampling #1. 15 min
Minute 15 Recorded all Pertinent Data. 1 min
Minute 17 Secured Particulate Sampling #1. 2 min
Minute 18 Switched to Dilute Emission Measurement 1 min
Minute 20 Commenced Particulate Sampling #2. 15 min
Minute 35 Secured Particulate Sampling #2. 5 min
Minute 40 Secured from Test Sequence
Table 3.4
Time Line of Sampling Events
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A diagram of the dilution tunnel is shown in Figure 3.3.
Particulate
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Figure 3.3
Particulate Sampling System
3.3.4 Sample Analysis.
Batches of 25 filters were sent to ORTECH Corporation for analysis. ORTECH
Corporation was contracted to determine filter loading, soluble organic fraction (SOF),
fuel / lube oil contributions to the SOF and to conduct Gas Chromatographic / Mass
Spectrometry (GC/MS) analysis on specified samples. Upon receipt, ORTECH placed
all the samples in a climate controlled conditioning room to equibrilate overnight.
Samples were then examined, weighed to determine filter loading and prepared for
extraction. Extraction was completed with 100% Methylene Chloride which partitioned
the sample into a soluble fraction and a dry insoluble fraction. Each sample was again
conditioned and the extracted weight was determined in order to tabulate the soluble
organic fraction (SOF) and the insoluble fraction (Non-SOF).
A quantitative analysis of specified samples was then conducted to determine
what percentage of the SOF was derived from the lubricating oil that had been consumed.
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The fractions of fuel and lubricant in the particulate samples were determined using a
ratio of integrated times obtained from chromatograms of three samples; 1) the extracted
SOF, 2) the "topped" fuel, and 3) the new !ube oil. (The "topped" fuel is the remainder
of the fuel after 30% by volume is distilled.) [18] The precision of the lubricant derived
portion of the SOF results is on the order of 0.001 g/bhp-hr.
3.4 Test Matrix Development.
The test matrices were developed based on a duty cycle that models near land and
maneuvering type operating conditions. In order to determine what a "complete" marine
duty cycle would be, ISO 8178 Part 4, "Reciprocating Internal Combustion Engines-
Exhaust Emission Measurement" [24] was evaluated. Although these cycles do not
effectively describe the duty cycles of Coast Guard and Naval vessels, ISO 8178-4 is the
only current standard available for commercial ships. The test cycles for different engine
applications as outlined in ISO 8178-4 are shown in Table 3.5. The cycle definitions are
listed in Table 3.6.
A Reference cycle for vehicle engines
B Universal cycle, applications similar to on-road service
C1 Off-road vehicles and industrial equipment, med and high load
C2 Off-road vehicles and industrial equipment, low load
D1 Constant speed applications, power plants
D2 Constant speed applications, generator sets with intermittent load
El Marine engine applications, pleasure craft engines
E2 Marine engine applications, constant speed engines for ship
E3 Marine engine applications, heavy-duty propulsion engines
F Locomotive applications
G1/G2 Small engines, utility lawn and garden
G3 Small engines, hand held equipment
Table 3.5
ISO 8178-4 Test Cycle Descriptions
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The duty cycles considered to be applicable for simulation of low speed marine
diesel engine operations were cycle E2 (Marine applications, constant speed engines for
ship propulsion) and cycle E3 (Marine applications, heavy duty propulsion engines).
Cycle E2 applies to constant speed diesel engines and is not applicable to this study. The
unmodified version of the E3 duty cycle would require four engine testing speeds and
loads as shown in Table 3.6. However, time constraints demand that the scope of this
study be limited to ensure ample time for data analysis. Therefore, a modified version of
the E3 duty cycle was selected to model operating conditions for low speed marine diesel
engines.
The lowest recommended test speed for the E3 duty cycle, 63% of maximum,
does not adequately model near land or maneuvering operating conditions. For this
reason, an "idle" speed was added at 35% of maximum rated speed (1200 RPM). The
Ricardo Hydra engine is a small bore, high speed diesel engine and the intent of this
study was to model low speed marine diesel engines. For this reason, high end test
speeds of 70% and 97% (2400 and 3200 RPM) vice 80%, 91% and 100% of maximum
rated speed were incorporated. These chosen values matched the work completed by
Schofield [4] and Ford [5], which was ideal for evaluating repeatability of test results, and
they sufficiently cover the suggested E3 duty cycle test speeds. The modified E3 duty
cycle utilized in this study included three test loads vice two. A mid-range test load was
added to provide a more complete range of loading conditions. This approach met the
requirements for this study and sufficiently incorporated the guidance of ISO 8178 Part 4.
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Table 3.6
ISO 8178-4 Engine Cycles
Table 3.7 outlines the specific testing conditions contained in the modified E3
duty cycle. The four resultant test matrices and labeling system are further described in
the following sections.
*Wows tRinga . s Speeds-, .Lob ;Air Pressures 
Standard 1200,2400,3200 5, 10.75, 15 Atmospheric
Standard 1200.2400 5, 10.75 101.3, 90, 80
Low Tension OC Ring 1200, 2400 5, 10.75 Atmospheric
Inverted Scraper Ring 1200, 2400 5, 10.75 Atmospheric
Table 3.7
Modified E3 Duty Cycle
3.4.1 Test Matrix Labeling.
In order to effectively track each test condition, a labeling system was developed.
This allowed for easy recognition of test conditions, and ensured that all conditions were
covered prior to and during testing. To this end, the following system of letters and
numbers worked very effectively. It is important that this system be described to ensure a
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clear understanding of the test matrices. There were three primary types of test
conditions; 1) Standard runs, 2) Load transients, and 3) Speed transients. The standard
runs consisted of a specific speed, load and intake manifold air pressure. No particulate
data was collected during the transient conditions. Details of those matrices can be found
in Jackson [3]. Figure 3.4 describes the labeling system for each test matrix used in this
study.
Standard Runs.
I - A - I - A - 1
Number Letter Number Letter Number
Ring Speed Load Air Run
Pack Pressure
Definition of Numbering and Lettering System.
Ring Pack: 1 = Standard Ring Pack
2 = Low Tension OC Ring
3 = Inverted Scraper Ring
Speed: A = 1200 RPM
B = 2400 RPM
C = 3200 RPM
Load: I = Low Load (5 N-m)
2 = Medium Load (10.75 N-m)
3 = High Load (15.1 N-m)
Air Pressures: A = Standard Air Pressure - 101.3 kPa
B = 90 kPa
C = 80 kPa
Run Number: I = Run One
2 = Run Two
3 = Run Three
4 = Run Four
Figure 3.4
Test Matrix Labeling System
3.4.2 Test Matrices Descriptions.
Standard Ring Pack Test Matrix.
The standard ring pack test conditions were varied for three speeds and loads in an
attempt to model near land / in port operating conditions of a marine diesel. Initial
intentions were to obtain data for each condition of the three by three matrix, but as
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testing progressed it became evident that the high load condition for low and medium
speeds provided very erratic oil consumption data. The RTOC system quickly became
saturated with heavy particulate deposits which resulted in several hours of run time to
purge and return to normal sampling conditions. Time being a factor throughout testing,
it was decided that the remaining high load operating conditions would be dropped for
the low and medium speeds. At least one data point was collected for each high load
condition. All other data points in the matrix were run four times for repeatability. The
standard ring pack test matrix is shown as Table 3.8.
= Selected for Fuel/Lube Contribution Testing
= Selected for G/MS Tstin
Speed Speed Speed
1200 Fil# Fil # MS 2400 Fil# Fil# MS 3200 Fil # Fil# MS
___ A 127 ^k XW JBIAI 17 8 11
Low IAIA2 39 40 25 VBA22 1 13 4
IA 1 A3 41 42 __ '_ M3MA ;,1  52 I C 1 A3 7 38
1I A 4 69 70,X1 IB1 A4 53 54 C1 A4 63 62
IA2A1 9 10 X 1B2AI 5- 6 1C.2A 1 3 4
Med J12A;S1 24' 48 1 B2MA2 19 120% 'X 15 r6&.,!
1A2A3 49 50 ,lB2A,3 29 'go2A3O :1/0 18
1A2A4 67 68 1IB2A4 65 66 1C2A4 61 62
IA3A 1 61 35 3  B 31 3A1 21 22
High IA3A2 Deleted I'B3.A2. 34 _ 1C3A2 23 24
1A3A3 Deleted 1B3A3 Deleted 58
1A3A4 Deleted 1B3A4 Deleted :1G3~ 59i 60 X
Table 3.8
Standard Ring Pack Test Matrix
The ring pack configuration was the standard as set by the manufacturer's
specifications. The first ring, or compression ring, was chrome plated and slightly
rounded in shape. The second ring, or scraper ring, was beveled. The third ring, or oil
control ring was chrome plated with two rails and a separate coil spring for tension
control. Table 3.9 shows the manufacturer's specifications.
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R~in ~ i< WDiamedtenmmi Cld a mmi
Compression 80.25 0.43 9.3
Scraper 80.25 0.43 8.2
Oil Control 80.25 0.51 53.8
Table 3.9
Standard Ring Pack Characteristics
Standard Ring Pack; Varied Air Intake Pressure Test Matrix.
The engine was run at low speed (1200 RPM) and at low load (5 N-mr) while the
air intake manifold pressure was varied over three pressures; 1) 101.3 kPa, 2) 90 kPa and
3) 80 kPa. 1200 RPM was selected as the operating condition to vary air pressure since it
had been shown that the particulate rate was greatest at low speed [5]. Time and quality
of data being major factors, only the low load condition was tested as it provided very
consistent oil consumption results compared with the medium load condition as shown in
Figures 3.5 and 3.6. The ring pack characteristics are shown in Table 3.9. Each test was
run four times for repeatability. The standard ring pack-varied air intake pressure test
matrix is shown as Table 3.10.
1.-~ i= elected for GCIMS Testing
Speed 101.3 kPa Speed 90 kPa Seed 80 Pa
1200 Fi # Fil # MS 1200 Fil # Fil # MS 1200 Fil # Fi # MS
i191 27 1AIBI 43 44 _92=217 76 
Low 1AIA2 39 40 1AI1B2 4 6 1AC2 77 78
IAIA3 41 42 K11ThIB3 7 1 71 A13 9 80
__ AN4! 69 WN X lai l 73 _81 2
Table 3.10
Standard Ring Pack, Varied Air Intake Pressure Test Matrix
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RA O WI = Selected for Fuel/Lube Contribution Testin ...
Oil Consumption Data for 1200 RPM - Low Load
__ 
Figure 3.5
Oil Consumption @ 1200 RPM - Low Load
Figure 3.6
Oil Consumption @ 1200 RPM - Medium Load
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Ring Pack Number Two Test Matrix (Low Tension OC Ring).
Testing was completed for two speeds and loads for the second ring pack
configuration.. As was the case for the standard test matrix, the high speed and high load
conditions were dropped for this testing matrix. The increase in oil consumption for each
condition (not just high speed and load) was significant, and was initially off-scale with
this system. Dilution of the exhaust sample with zero air (sulfur dioxide content < 0.5
ppm) brought the low / medium speed and load conditions back onto scale, while high
speed and load remained off-scale. The ring pack specifications are shown in Table 3.11.
All tests were run four times for repeatability. The ring pack number two test matrix is
shown as Table 3.12.
Rn> .Di t& ii . t ... W. d im' siC ok
Compression 80.25 0.43 9.3
Scraper 80.25 0.43 8.2
Oil Control 80.25 0.51 28.01
Table 3.11
Ring Pack Two Characteristics
= Selected for Fuel/Lube Contribution Testin
Selected for GC/MS Tsting
_S Sveed p Speed
1200 Fil Fil # MS 2400 Fi# Fil M 3200 Fil# Fil # MS
2A1AI 83 2B1AI 91
Low SX 2B 1 A2 92 .
2A 1 A3 85 Btf3 9
2AI4 2BA4 86 2BA 4 94
2A2A1 87 2B2A1 95
Med 2A2A2 88 - 12 2,9 !5__ Not Tested
. 0-9' 2B2A3 97 Time Limitations
2A2A4 90 2B2A4 98 _
2A3A1 Deleted 2B3A1 Deleted __
High 2A3A2 Deleted 2B3A2 Deleted
2A3A3 Deleted 2B3A3 Deleted
2A3A4 Deleted 2B3A4 Deleted
Table 3.12
Ring Pack Two Test Matrix
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Ring Pack Number Three Test Matrix (Inverted Scraper Ring).
Testing was again completed over two speeds and loads for the third ring pack.
The high speed and load conditions were dropped for the reasons outlined above for ring
pack 2. Tests were run two times for repeatability as the time schedule did not allow for
additional testing. The ring pack specifics are as shown in Table 3.9 with the scraper ring
inverted. The ring pack number three test matrix is shown as Table 3.13.
= Selected for GC/MS Testing
Seed 101.3 k kPa Seed 8090 kPa
1200 Fil # Fil # MS 2400 Fil # Fil I MS 3200 Fil# Fil# MS
Low /g St. AF t,:Iq, CR BEA-14 ,990
3 A1A2 106 3B1A2 100 Not Tested
Med A J.03- IS9 IIKS 3B2A1 101 Time Limitations
3A2A2 104 1kt.I IXfl32AL: OMN
Table 3.13
Ring Pack 3 Test Matrix
It should be noted that test runs for matrices two and three were consistently run
back to back versus randomly. This had to be done in order to obtain a value for the
dilution ratio of the exhaust sample and injected zero air. Without this information, the
OC results were unobtainable. The details of this procedure can be found in Jackson [3].
Gas Chromatographic / Mass Spectrometry Sample Matrix.
Particulate samples were selected for GC/MS testing in accordance with the
Statement of Work for ORTECH Contract El 11B004895. The primary requirement of the
contract was to conduct GC/MS analyses on 25 samples for the purpose of identifying
specific compounds found in the SOF, and approximating their relative amounts. One of
each set of 4 test runs from the standard test matrix was selected for analyses (9 total). A
second sample was analyzed for 1) low speed-low load, 2) medium speed-medium load,
and 3) high speed- high load for each ring pack (7 total) . A third set of samples was
analyzed for the standard ring pack with varied air intake manifold pressures. One
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'. ' = Selected for Fuel/Lube Contribution Testing
sample from each condition (3 total). The remaining six samples were designated by this
study. The matrix used for tracking the GC/MS samples is shown below in Table 3.14.
Ring Pack # 1
Load
Air Press.
Load
'~,~-, 200, .ReI Done.. 42400e . Req, .Done , "2 0 CRe ;Dh
Low 1A1 2/2 1B1 1/1 1ci 1/1
Medium 1A2 1 /1 182 2 /2 1C2 1 /1
High 1A3 Deleted 1B3 1 /1 1C3 2/ 2
Ind. Total 3/3 4/4 4/4
Total 11 /11
.... 1200 'Req/.DoneI
Std. 1A1A 1 / 1 <= Already Counted Above
90 kPa 1A1B 1 /1
80 kPa IA1C 1 / 1
Ind. Total 3/3
Total 13 /13
Rina Pack #2
'Y .200 'Req'. Don ., : r.... Don ,3200 Req. iDo, e
Low 2A1 2 / 2 2B 1 / 1 2C1 Deleted
Medium 2A2 1 2B2 2 /2 2C2 Deleted
High Delete Deleted Deleted Deleted Deleted Deleted
Ind. Total 3/3 3/3 0/0
Total 19 /19
Low 3A1200
Low 3A1
Medium 3A2
High Delete
Ind. Total _
Total
KIln
, Re. cq!iDdone'
1/1
2/2
Deleted
3/3
25/ 25
j-'aCK ?FS
3B1 2/2 3C1 Deleted
3B2 1 / 1 3C2 Deleted
Deleted Deleted Deleted Deleted
3/3 0/0
Total Required in Contract: Total Selected By MIT 95: 
Table 3.14
GC/MS Sample Matrix
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3.5 ENERAC 2000ET' and MIT Gas Cart Set Up.
3.5.1 ENERAC 2000ETM .
The ENERAC was set up to take samples from the exhaust mixing tank located in
line with the engine exhaust. This location was selected for two reasons; 1) to simulate
an engine exhaust stack found in shipboard applications; and 2) to ensure sufficient
exhaust temperatures at the sample port to avoid condensation of the exhaust gases. To
avoid damaging the probe, close attention was paid to the temperature surrounding the
probe housing to ensure that it did not exceed 71° C, and to the temperature inside the
mixing tank to ensure that the sintered filter was not exposed to temperatures in excess of
1038° C [23]. These temperatures were the maximums designated by instruction manual
[23]. The sample was drawn through the probe housing which contains a permeation
drier, whose function is to remove the excess water vapor that is present in the sample.
Since NO2 dissolves readily in water, any condensation present in the hose assembly
would result in erroneous readings [23]. A section of clear tubing is located immediately
following the probe assembly for monitoring any condensation buildup in the hose
assembly. The sample was drawn through the system via a double bellows pump located
in the ENERAC briefcase. Gas passes through a Carbon Monoxide (CO) electrochemical
sensor and then through an Oxygen (02) electrochemical sensor. The sample then enters
a cavity inside the housing where the Nitric Oxide (NO) and Nitrogen Dioxide (NO2)
electrochemical sensors are exposed. NOx concentrations were calculated by the
ENERAC by simply adding the concentrations of NO and NO2. A diagram of the
ENERAC set up is shown below in Figure 3.7.
The ENERAC was calibrated in accordance with the instruction manual
procedures [23] prior to conducting testing. The following gases were used for the
calibration; 1) 948 ppm NO, 979 ppm CO with less than 2 ppm NO2; and 2) 573 ppm
NO2 with less than 1 ppm NO. The oxygen sensor was calibrated with ambient air, and
with calibration gases containing 02 concentrations of 1.97% and 8.25%. The
concentration of CO2 is calculated by the ENERAC and it is only a function of the
oxygen concentration and the type of fuel used in the engine. Therefore, the only
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calibration requirement was the proper selection of fuel type. Selecting the proper fuel
type is critical to the computation of CO2. The ENERAC has several factory set fuel
types that list the respective heats of combustion. Fuel 1 had a heat of combustion of
43.3 MJ/kg and it was selected since the ultra low sulfur diesel fuel had a heat of
combustion of 43.1 MJ/kg. The significance of this difference is addressed in Chapter 5.
Midway through testing, calibration was checked and found to be within 10% of the
calibration gas concentrations, which was consistent to the initial calibration values.
Calibration curves were constructed for each ENERAC sensor, applied to the emission
results and are included in Appendix III.
At the start of each day of testing, the ENERAC was auto-zeroed, allowed to
properly warm up and stabilize prior to sampling. Gaseous emission data were collected
simultaneously from the ENERAC and the MIT Gas Cart during steady state and
transient operating conditions throughout the completion of the standard ring pack and
standard ring pack with varied air intake pressure test matrices. CO, CO2, 02, NO and
NOx were the five gases measured for this comparison. A statistical analysis was
completed to determine the relativistic trends between the two gaseous emissions detector
systems and can be found in Chapter 5. A description of the MIT Gas Cart set up is
found in section 3.5.2.
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Figure 3.7
ENERAC 2000ETM Set Up
3.5.2 MIT Gas Cart Set Up.
The MIT Gas Cart utilizes a combination of infrared, polarographic and
chemiluminescent sensors to detect CO (infrared radiation technique), CO2 (infrared
radiation technique), 02 (polarographic partial pressure technique), NO
(chemiluminescence) and NOx (chemiluminescence) in engine exhaust. The analyzers are
rack mounted in a large semi-mobile cart. Exhaust samples were taken from the mixing
tank in the same vicinity as the ENERAC connection. The heated line configuration used
previously by Laurence [2] was removed as it was considered more of a fire hazard than a
necessary requirement for exhaust sampling. A positive displacement vacuum pump
draws the sample through a 3-way valve, used to control the selection of raw or dilute
exhaust samples, and through an additional ice bath. This additional ice bath (external to
the gas cart) Awas added to remove water vapor from the sample to avoid damaging the
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vacuum pump. An additional filter was also added (external to the gas cart) prior to the
vacuum pump to remove excessive particulate matter in the exhaust. Major vacuum
pump overhaul was required midway through testing due to the extensive buildup of
particulate matter at the intake and exit ports of the pump. The, addition of these two
items allowed the system to operate without further problem. From the vacuum pump,
the sample was directed through another ice bath and desiccant drier for conditioning, a
flow meter and into each respective analyzer. The output read from the CO and CO2
analog meters was converted into concentrations via the corresponding Table 2 in the gas
cart handbook [25]. Concentrations for 02, NO and NOx were read directly from the
analyzer. A diagram of the gas cart set up is shown in Figure 3.8.
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Figure 3.8
MIT Gas Cart Set Up
The gas cart was calibrated at the start of each day of testing. All sensors were
initially purged with nitrogen to clean out any remaining exhaust sample and ambient air
conditions. Sensors were then tuned, zeroed, and calibrated. Three calibration gases
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were used for this process; 1) 8.08% CO2, 4.87% CO and 1.97% 02; 2) 3.07% CO2,
1.05% CO and 8.25% 02; and 3) 2692 ppm NO. The NOx sensor was calibrated with the
same gas as the NO sensor as the NO2 concentration was less than 2 ppm. Calibration
curves were constructed for each sensor, applied to the emission results and are included
in Appendix III. Detailed instructions for the operation and calibration of the gas cart are
found in "The MIT Gas Cart Operation Handbook", by Miller, May 1996 [25].
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Chapter 4
CALCULATIONS
4.1 Determination of Oil Consumption.
Terms that are constant or fixed by the test conditions.
Terms that require calculation.
Terms obtained during experiment.
Figure 4.1
Oil Consumption Calculation Flow Chart
Figure 4.1 displays a diagram which outlines the information and data required to
determine the engine oil consumption (OC). The total weight of water in the exhaust,
(H 2 0)exhaust, and the SO2 mass flow rate, Sexhaust, are the two primary values required to
calculate the engine oil consumption for each testing condition. The determination of
(H2 O)exhaust is outlined initially. The formulation of these equations then leads directly to
the calculation of Sexhaust.
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As shown above in Figure 4.1, the weight of water in air, (H2O)weight.air, and the
weight of water in the exhaust due to combustion, (H2O)combustion-weiglt, mus  be calculated
to obtain the total water content, (H2O)exhaust, of the exhaust. The weight of water in
ambient air, (H 2O)weigt.air, is determined from knowing the (H2O)weight-fraction, air mass flow
rate, and the exhaust mass flow rate. The (H2O)weightfraction is calculated using
psychrometric charts given the relative humidity, air pressure and air temperature. The
air mass flow rate is recorded and averaged over the course of each test sequence.
Exhaust mass flow rate is calculated as shown below by equation 4-1.
Qair (Vfuel) (P fuel)
Q exhaust - -+
10 0 0 60 106 (4-1)
where:
Qexhaust = Mass Flow Rate of Exhaust [kg/sec]
Qair Mass Flow Rate of air [g/sec]
Vfilel = Volumetric Fuel Flow Rate [cm3/min]
Pfuel = 49.8 [kg/m3]
Computation of the exhaust mass flow rate leads to an easy calculation of
(H2O)weightair by using equation 4-2.
Q airH20 weightairH2 0 Qair
wet ightfraction (Q exhaust) (4-2)
where:
H20weight.air = Wt. of Water in Exhaust due to Ambient Air [%]
H2Oweight.fraction = Wt. Fraction of Water in Ambient Air [%]
Calculating the concentration of water in the exhaust due to combustion, as a
weight percentage, (H20)combustion-weight, is a little more complicated. Figure 4.1 lists two
primary unknowns that are required to complete this calculation. The molar
concentration of water in the exhaust, (H2O)combustion-mola, and the molecular weight of the
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exhaust, MWexhatst. The molar concentration of water in the exhaust due to combustion is
a straightforward calculation using equation 4.65 in Heywood [1], and shown below as
equation 4-3.
H20 combustionmolar-0.5 y [(C ) (C)]
K(CO2) J (4-3)
where:
H2Ocombustin-molar = Molar Concentration due to Combustion [%]
y = Hydrogen to Carbon Fuel Ratio [1.88]
K = 3.8
(CO2 ) = CO2 Concentration in the Exhaust [% Molar](CO) = CO Concentration in the Exhaust [% Molar]
All the values needed to obtain (H2O)ombustionmolar, are known through measurement
during the test sequences or are set constants based on the particular fuel utilized for the
experiment.
The calculation of the molecular weight of the exhaust also requires use of
information that is readily available from experimentation or from fuel specifics. The
primary piece of data is the actual air to fuel ratio, . It can be calculated using the
relationship given by equation 3.9 in Heywood [1] and is shown below as equation 4-4.
(._ actual
(FA stoichiometric (4.4)
Stoichiometric air to fuel ratio depends only on the hydrogen to carbon ratio, y, of
the fuel [1]. Heywood [1] lists equation 4-5 for calculation of the stoichiometric air to
fuel ratio.
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A st 34.56(4 + y)
F st 12.011 -t 1.00y (4-5)
Therefore, X can be directly calculated using equation 4-6.
( 1 2.011- 1.00&y).Q air
( 13 8.2 4-- 34.56y).Q fuel (4-6)
= Actual Air to Fuel Ratio
= Mass Flow Rate of the Fuel [kg/sec]
The equation for the MWex,,,aust is hen derived using the formula for stoichiometric
combustion found as equation 3.5 in Heywood [1].
CaHb-i- -~ o b 3CaHb- (a 4+ 3 (O 2 + .773N 2 )=a.C0 2 - H20+ 3.773 a + N 2
2 4
The air reactant term in the product is scaled by the actual air to fuel ratio, X, and
due to the fact that the diesel runs lean, the reactant oxygen term is also scaled by X and
added to the product side of the formula [2]. Laurence [2] and Schofield [4] used the
following formula to calculate the molecular weight of the exhaust.
MW exhaus
2- a+b - 2- a-
2 .X~a ± ) a ) / b a32- 2 ) ( + 32*a + 12.011a + 2-( + 16b 3.773(28.16) a+- 
;t
a +b+ ( 4'(4 + 3.773k-a+ b
2 2 4
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where:
Qfilel
MWexhaust
a
b
N 2
02
C
H 2
= Molecular Weight of the Exhaust [kg]
= Number of Carbon Atoms / Fuel Molecule
= Number of Hydrogen Atoms / Fuel Molecule
= Actual Air to Fuel Ratio
= 28.16 grams
=32 grams
= 12.011 grams
= 2.016 grams
A simplified form and Laurence's and Schofield's formula is shown below as
equation 4-7.
MW xhau a( 138.25A 12.011) t- b.(34.562 +- 1)
a.(4.773.) b-( 1.19325X + 0.25) (4-7)
(H20)combustion-weight can now be calculated using equation 4-8.
H20 cbtnim(MW 18 )H combustionweight H20 combustionmolar'MW exhaust H~~OcombustionweMW ehaus (4-8)
where:
(H2)combustion-weight
(H20)combustion-molar
18
MWexhaust
= Exhaust Content as a Weight Percentage [%]
= Exhaust Content as a Molar Percentage [%]
= Molecular Weight of Water [grams]
= Molecular Weight of Exhaust [grams]
Finally, the total water content of the engine exhaust can be calculated using equation 4-
9.
H20 exhaustH20 combustionweight H20 weightair (4-9)
Now that the total exhaust water content has been calculated, the second step is to
determine the total SO2 flow rate in the dry exhaust. The calculation of Sexhaust is straight
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where:
forward and requires only the calculation of the exhaust mass flow rate. Since Qexhaust has
been previously calculated, equation 4-1, the values only need to be plugged into the
formula used by Schofield [4], equation 4-10.
Sample volt Qexhaust' Span ppm
S exhaust'-Savo
Span volt i 2.106 (4-10)
where:
Sexhaust = SO2 Exhaust Flow Rate [g/hr]
Samplev,,t - Output of Detector with Sample [volt]
Spanvolt = Output of Detector with Span Gas [volt]
Spanppm = SO2 Concentration in Span Gas [ppm]
Finally, the oil consumption is calculated using equation 4-11.
P fel'VfuelVf uel ppm Airvolt'P air Vair Span ppm 1 H2 0exhaust 100 106
exhaust 1 Span volt 2 1 0 100 Lube ppm
(n RPM-60)
(4-11)
where:
OC = Oil Consumption [gg/cyl-cycle]
Fuelppm = 0.1 ppm
Lubeppm = 1.27 ppm
AirVOt = Output Voltage of Cell Air Detector [volt]
N = Number of Cylinders [One]
n, = Number of Cycles per Revolution (0.5)
RPM = Revolutions per Minute [rev/min]
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4.2 Determination of Engine Particulate Rate.
L | Terms that 
I I Terms that r
FA-O
Terms obtained during experiment.
Figure 4.2
Particulate Rate Calculation Flow Chart
Figure 4.2 displays a diagram which outlines the information and data required to
determine the total particulate rate (TPR). Determination of the particulate rate follows
the same theory as Laurence [2]. The single unknown, in addition to all of the transducer
readings, required in order to calculate TPR is the total particulate mass, mparticulate- The
calculation of mpaniculate is obtained from the product between the ratio of the exhaust and
sample mass flow rates and the total sample mass. The sample mass is simply the
difference between the initial filter mass and the final filter mass, equation 4-12.
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m sampletotal=m final - m initial (4-12)
where:
msampletotal -= Total Sample Mass [grams]
minitial = Initial Filter Mass [grams]
mfinal = Final Filter Mass [grams]
The exhaust mass flow rate is known from the previous OC calculations in section
4.1. The remaining unknown is the mass flow rate of the sample. Figure 4.2 shows two
terms, sample density, Psample, and dilution ratio, rd, that must be calculated in order to
determine Qsample. The dilution ratio is calculated via equation 4-13.
C02diluted - 0.035
rd
C02 - 0.035 (4-13)
where:
C0 2diluted = Dilute CO2 Concentration [%]
CO2raw = Raw CO2 Concentration [%]
0.035 = Ambient CO2 Concentration [%]
The sample density is then calculated using equation 4-14.
P sample[ P air (1- rd)l+ (P exhaust r d) (4-14)
where:
Psample = Sample Density [kg/m 3 ]
Pair = Ambient Air Density [kg/m3 ]
Pexhaust = Exhaust Density [kg/m3]
The exhaust density is simply the ratio of the molecular weights of the exhaust
and air multiplied with the density of air. Equation 4-15 provides this relation.
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MW exhaust
P exhaust=P air' MW ai (4-15)
The sample mass flow rate is then calculated as shown in equation 4-16.
Q sample V sample'P samplerd
Q sample'
t sample (4-16)
where:
Qsample = Mass Flow Rate of Sample [kg/sec]
Vsample = Total Sample Volume [m 3 ]
Psample = Sample Density [kg/m3 ]
tsample = Total Sample Time [sec]
rd = Dilution Ratio
Now all of the information required by equation 4-17 has been obtained, and the
total particulate mass, mparticulate can be determined.
Q exhaust
m particulate=. *m sampletotal
Q sample (4-17)
where:
mparticulate = Total Particulate Mass [grams]
Finally, the TPR can be calculated using equation 4-18.
m particulate'10TPR-
n r-RPS t sample (4-18)
where:
TPR = Total Particulate Rate [ptg/cyl-cycle]
mpaniculate = Total Particulate Mass [grams]
N = Number of Cylinders [One]
nr = Number of Cycles per Revolution [.5]
RPS = Revolutions per Second [rev/sec]
tsanmple = Total Sample Time [sec]
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Chapter 5
RESULTS AND ANALYSIS
5.1 Oil Consumption.
The primary focus of this section is to describe the oil consumption characteristics
at each operating condition for comparison with the particulate rate data contained in
section 5.2. If required, detailed explanations of the OC behavior are provided to explain
specific particulate rate characteristics. Error bars represent +/- one standard deviation
from the average over total number of runs as specified in Chapter 3.
5.1.1 Oil Consumption Characteristics.
Figure 5.1 displays the oil consumption behavior, as measured by the S02
(RTOC) system, for the three load and three speed combinations tested using the standard
ring pack configuration. It is evident that the average oil consumption increased with
increase in engine speed for each loading condition. Oil consumption is highest at 3200
RPM for all three loading conditions, lowest at 1200 RPM for all three loading
conditions, and highest at medium load for all three speed conditions.
Average OC for Standard Ring Pack
>o
0
a
10.75
m N-m 15 N-
m
Engine Load
3200
Engine Speed
Figure 5.1
Oil Consumption Comparison Between Testing Conditions (Standard Ring Pack)
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The specific oil consumption characteristics for the standard ring pack
configuration are displayed below. The general trends observed are increasing OC with
increases in speed at constant load, and decreasing OC with increasing load at constant
speed, for the 2400 and 3200 RPM operating conditions. Specific OC remains constant
with increasing load for the 1200 RPM case. Figure 5.2 displays these trends.
Figure 5.2
Specific Oil Consumption Trends for the Standard Ring Pack
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Figure 5.3 displays the specific oil consumption characteristics for the standard
ring pack when the intake manifold air pressure is varied. Specific OC increases as the
air pressure is lowered from 101.3 kPa. The increase occurs as a result of additional oil
being drawn into the combustion chamber by the vacuum generated by the drop in air
pressure. This conclusion was confirmed by a gas flow analysis conducted by Jackson
[3].
Figure 5.3
Specific OC for SRP; Varied Intake Air Pressures (1200 RPM-Low Load)
The specific OC characteristics for ring packs two and three are depicted in Figure
5.5. Oil consumption increases by a factor of ten between the standard ring pack and ring
pack 2 (low tension OC ring) and by a factor of six between the standard ring pack and
ring pack 3 (inverted scraper ring). However, oil consumption decreases between ring
pack 2 and 3 for both load and speed conditions. In each case, for the varied ring packs,
the specific oil consumption increases with increases in speed, and remains nearly
constant for increases in load.
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Only one speed and loading condition is displayed below for the ring pack
comparison. All other conditions provide similar trends, and the graphs for the remaining
1200 RPM-Medium Load and 2400 RPM-Low and Medium Loads, for the varied ring
packs, are found in Appendix I.
Figure 5.4
OC Characteristics Comparison Between Ring Packs (1200 RPM-Low Load)
The results depicted in Figure 5.4 are reasonable as it is expected and intended
that oil consumption would increase when the oil control ring tension is decreased by
52% and when the scraper ring is inverted. Noticeable increases are desired in order to
effectively evaluate the resulting particulate rate characteristics, specifically the portion of
the SOF that is derived from the OC.
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5.2 Particulate Rate Characteristics.
5.2.1 Total Particulate Composition.
The purpose of this section is to provide the reader with a reminder of the
composition of the TPR. The TPR is composed of three components; 1) Insoluble
particulate matter, 2) Lube oil derived SOF, and 3) Fuel oil derived SOF. The breakdown
of the TPR for the standard ring pack configuration at 2400 and 3200 RPM is displayed
in Figure 5.5. The specific TPR is lowest at 2400 RPM, and nearly constant at low and
high loads for each respective engine speed. The oil derived SOF increases with engine
speed, decreases between low and medium loads, and shows little to no increase between
medium and high load. No distinctive trend is apparent for the fuel oil derived SOF. The
numbers displayed represent the level of contribution each respective component makes
to the TPR. The following sections will analyze the trends of each particular TPR
component.
Figure 5.5
TPR Composition (2400 and 3200 RPM; Varied Loads)
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Figure 5.6 displays the component breakdown for the varied intake air pressures at
1200 RPM-Low Load. As can be seen, the particulate rate increases as the intake air
pressure is lowered. L/O SOF increases then decreases while the F/O SOF remains nearly
constant. Analysis of the TPR composition is found in the following sections.
Figure 5.6
TPR Composition (1200 RPM-Low Load; Varied Intake Air Pressures)
5.2.2 Insoluble Particulate Matter (Non-SOF).
The insoluble particulate matter is the carbonaceous soot generated during
combustion, metallic ash, sulfates, etc., and it is not affected by the dilution process [1].
A primary influence on the insoluble particulate matter is the fuel/air ratio (F/A). All
hydrocarbon fuels produce soot if burned at sufficiently rich stoichiometries [1]. The F/A
ratio increases as the engine loading increases, and as the engine intake air pressure is
decreased. The generation of insoluble particulate matter increases with increasing F/A
ratios. It has been documented that nearly 80% of the fuel compounds contributing to
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particulate are found in the insoluble fraction while the remaining 20% are found in the
soluble fraction [1]. Therefore, increases in F/A ratio should also increase the insoluble
fraction. Table 5.1 displays the behavior of the insoluble particulate matter as a function
of the F/A ratio. It is shown that as the F/A ratio increases for a given speed, the
insoluble fraction also increases. This particular characteristic is consistent throughout
the data.
Speed 2400 2400 2400 3200 3200 3200
Load 5 N-m 10.75 N-m 15 N-m 5 N-m 10.75 N-m 15 N-m
F/A Ratio 0.014 0.019 0.024 0.014 0.020 0.032
% Insoluble 54 68 83 38 78 79
Table 5.1
Effect of Fuel/Air Ratio on Insoluble Particulate Matter
5.2.3 Soluble Particulate Matter (SOF).
The generation of the soluble particulate matter (SOF) takes place primarily in the
dilution process through adsorption and condensation. The bulk of the SOF is acquired
after the exhaust gas is mixed with dilution air [1]. Once the exhaust gases are emitted
from the cylinder, cooling from the dilution air initiates the adsorption and condensation
processes. The adsorption of hydrocarbons is primarily a function of unburned fuel. For
example, over-fueling, over-leaning, and under-mixing all directly effect the level of
hydrocarbons emitted from the cylinder due to incomplete combustion and therefore
effect the fuel derived SOF. These mechanisms are complicated and go beyond the scope
and intent of this study. Only the characteristics of the oil derived SOF is evaluated
further in this thesis.
The hydrocarbons most likely to condense are those of low volatility. Sources of
low volatility hydrocarbons are the high-boiling-point end of the fuel, unburned
hydrocarbons that have been pyrolyzed but not consumed in the combustion process, and
the lubricating oil [1]. The levels of SOF derived from the lube oil, for this study, range
from 33 to 99 percent, of the total SOF, indicating that the primary contributor to the SOF
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is the lube oil. This suggests that condensation is the dominating process in development
of the SOF for this particular application. L/O derived SOF is seen to decrease with
increases in engine load for a given speed. Temperature increases as the load increases.
Consequently, it is possible that the increased temperatures oxidize more of the
unburned-pyrolyzed hydrocarbons and lube oil, resulting in decreases in the lube oil
contribution to SOF. The rates shown in Figure 5.6 indicate that the specific L/O SOF at
the low load condition is high, and at the medium and high load conditions the rates are
low and nearly equal. This suggest the possible existence of a minimum exhaust
temperature for maximum oxidation of at least 3000 C. Table 5.2 displays the exhaust
temperature behaviors and the resulting effect on the total SOF, for 2400 and 3200 RPM,
as the load is increased. As temperature increases with increasing load for a given speed,
the total SOF decreases. Similar characteristics are found for all operating conditions,
and also when the intake air pressure decreases. Detailed analysis of the L/O derived
SOF is found in the following section.
Spme'ratureI EfcQ 4 0on0om 03en
Speed 2400 2400 2400 3200 3200 32C
Load 5 N-m 10.7 N-m 15 N-m 5 N-rn 10.7 N-rn 15 N-rn
Exhaust Temperature 2430 C 359 ° C 46 C C 299 C 12 °C 1280 °C
% SOF Total 46 32 17 62 22 20
Table 5.2
Temperature Effect on Development of SOF
5.2.4 L/O Derived SOF.
In order to evaluate the validity of the results with a comfortable level of
confidence, comparisons with previous works, and particulate sampling methodology
had to be reviewed extensively. Descriptions of these reviews are described below.
Comparison with Previous Works.
Comparison with the results that Laurence [2] obtained for 2400 RPM at low,
medium and high loads yielded results that were on the same order of magnitude with
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differences of less than 25%. The comparison is shown in Figure 5.7. The larger
difference noted at low load condition is due to the difference in loads (5 N-m compared
with 6.8 N-m for Laurence) used for the respective studies. This favorable comparison
provided confidence that the calculation methodology employed in determining the TPR
was correct.
Figure 5.7
Validity Comparison with Laurence
Sampling Methodology.
In comparing lube oil particulate to oil consumption, it is assumed that all the
engine oil consumption was measured by the S02 (RTOC) system. Since any oil not
picked up by the RTOC system (e.g. deposition in exhaust) is not likely to be picked up
by the particulate sampling system, the focus of potential error was on the methodology
employed using the dilution tunnel configuration.
A potential source of error was contamination of the exhaust by other sources of
hydrocarbons within the particulate sampling system. The only potential source of
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hydrocarbons in the system was the dilution air. The dilution air was supplied by an aged
air compressor that used large amounts of oil daily. Detailed evaluation of the dilution
tunnel revealed oil deposits down stream of the in line compressed air filter. This being
the case, it was possible that the data collected had been contaminated by the admittance
of this compressor oil into the dilution tunnel.
Based on this theory, samples were taken of the dilution air to assess the potential
contribution of compressor oil to the lube oil derived SOF. Three test runs were
conducted; 1) a one hour sample prior to changing the inline compressed air filter, 2) a
two hour sample prior to changing the inline compressed air filter, and 3) a one hour
sample after changing the inline compressed air filter. These filters were analyzed by
ORTECH Laboratories and the following results are displayed in Table 5.3. It should be
noted that the oil collection rates reflect only the sample line measurements, and not the
total dilution tunnel collection rates.
110 60 minutes Before Change 0.025 mg/min
112 120 minutes Before Change 0.018 mg/min
113 60 minutes After Change 0.020 mg/min
Table 5.3
Results of Dilution Air Tests
The stated removal effectiveness of the Balston air filter was 93%. However, the
results of the analysis revealed that there was no significant difference in the compressor
oil leak rate after the filter was changed. Either the filter configuration was faulty, or
there was enough oil present in the compressed air such that the remaining 7% made its
way into the dilution tunnel as shown above in Table 5.3. However, regardless of the
cause, it was concluded that all the data had been contaminated by the compressor oil,
and that corrections had to be applied to the data in order to obtain the actual engine
particulate emission rate.
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Particulate Rate Calculation..
The compressor oil leak was found to influence the data in two ways. First the
total particulate rate, TPR, was effected as the measured sample weight was increased due
to the additional oil condensation onto the solid particulate matter. Secondly, the soluble
organic fraction, SOF, of the TPR also increased since a greater percentage appeared as
soluble. To this end, the average oil collection rate, 0.021 mg/min, was converted into a
total additional mass for each sample, by multiplying by the respective sample times.
These values were then subtracted from the initial filter loading to obtain a corrected
value (loading was reduced between 0.000105 and 0.00042 grams). A corrected TPR
value was then calculated. Additionally, the soluble fraction percentages of the TPR were
adjusted by ORTECH Laboratory and forwarded for application to the corrected TPR
data (soluble percentages decreased between 10% and 50% from the original values) [28].
The corrected values have been applied to the data contained in the previous sections, and
therefore only the analysis of the L/O SOF follows.
L/O SOF Analysis.
Previous works [17] indicate that as specific oil consumption increases, the oil
derived portion of the SOF also increases. This trend is consistent with the data obtained
for this study as shown below in Figure 5.8.
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Figure 5.8
Oil Derived SOF vs. Engine OC
The trend of increasing specific oil derived SOF with increasing specific OC is clearly
evident and appears to maintain a linear relationship. A linear regression was conducted
to fit a curve to the data displayed above. By the method of least squares, the slope of the
resulting curve is 0.641 and the intercept is zero. Essig's [17] data displays a survival
rate of about 50 percent while the data from this study displays a survival rate of about 64
percent.
The specific oil derived SOF and oil consumption results for the standard ring
pack configuration is shown below in Figure 5.9. The figure shows an increase in the
contribution of oil to the oil derived SOF as the engine speed increases. With the
exception of the 1200 RPM case, the oil contribution decreases as the load increases
between low and medium loads and shows a slight increase between medium and high
loads. There is little or no change in the specific oil consumption at 1200 RPM, and it
therefore stands to reason that if the relationship between OC and oil derived SOF is truly
linear, there should be no observed change in the specific oil derived SOF. Although the
average data for oil derived SOF also did not show any change with respect to load at
1200 RPM, there is a high degree of variability in the TPR values at this engine speed.
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With only two lube oil contribution analyses per loading condition, there is not a great
deal of confidence in the resulting values. Typical TPR levels for diesel engines of this
era are around 0.5 to 1.5 g/kW-hr [1] and analysis at this speed revealed TPR levels
varying from - 0.9 to 4.5 g/kW-hr. In addition, this particular result is of minimal
interest as it reveals no distinctive trend. Therefore, these operating conditions will not
be discussed further in this section.
The highest oil derived particulate rate occurs at high speed-low load which
agrees with findings by [17]. This makes sense as the TPR and the engine oil
consumption are also shown to be the greatest at that same operating condition. Figure
5.10 displays the TPR behaviors for 2400 and 3200 RPM. TPR is greatest at high speed
in all loading conditions. The same general trends are visible, for each speed, with TPR
decreasing from low to medium load and then increasing from medium to high load, and
oil the derived SOF follows in step. These results are similar to those obtained by Meyer
et. al. [30].
Figure 5.9
Specific Oil Derived SOF & OC vs. Engine Operating Condition
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Figure 5.10
Particulate Rate and L/O SOF Comparison (Standard Ring Pack)
Figure 5.11 shows that the fraction of the engine oil consumption that contributes
to the SOF follows the same general trend as the TPR. However, for the medium load
conditions at 2400 and 3200 RPM, the percentage of consumed oil that adsorbs onto the
particulate matter is substantially less than the low and high load conditions. The
decrease between low and medium loads may indicate that additional oil is being
oxidized due to the increase in combustion temperatures which result from increased
loading. However, this alone does not explain the subsequent increase between medium
and high load. Oxidation is also function of the excess air present in the exhaust gases.
The air-fuel ratio, and consequently the excess air, is highest at low load and lowest at
high load. At low load, there is substantial excess air, but the exhaust temperatures are
lower resulting in minimal oil oxidation. Conversely, at high load, the exhaust
temperatures are sufficient for oxidation, but the amount of excess air is lower, and
therefore oxidation of the oil is again minimal. This trend is observed for both 2400 and
3200 RPM. It is therefore possible that an optimal combination of excess air (air-fuel
ratio - 50) and exhaust temperature may exist around the medium load condition.
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Figure 5.11
L/O SOF Percent of Engine Oil Consumption
Of interest at 1200 RPM, is the behavior of the oil derived SOF when the intake
air pressures are decreased. The specific oil consumption is seen to increase between
101.3 kPa and 90 kPa, but then remain constant between 90 kPa and 80 kPa as shown
above in Figure 5.3. The specific oil derived SOF increases between 101.3 kPa and 90/80
kPa, and decreases between 90 kPa and 80 kPa. The latter contradicts the expected
behavior indicating possible influences from the exhaust temperature and the air-fuel
ratio. Figure 5.12 depicts the behavior of the percent of consumed oil that contributes to
the SOF. This observed effect appears to be primarily a function of exhaust temperature.
As the specific OC increases or remains constant, additional oil is oxidized by the
increase in exhaust temperatures, and the results are shown below.
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Figure 5.12
L/O SOF Percent of Engine Oil Consumption
All the graphs of the oil derived SOF vs. oil consumption, for each testing
condition, are included in Appendix II.
5.2.5 L/O Derived SOF Characteristics for Ring Packs 2 & 3.
The results obtained for ring packs two and three are shown to follow the general
trend of increasing oil derived SOF with increasing OC. Figures 5.13 and 5.14 display
the behaviors of ring packs two and three for two different engine operating conditions
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Figure 5.13
Ring Pack Comparison (1200 RPM-Low Load)
Figure 5.14
Ring Pack Comparison (2400 RPM-Low Load)
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The results for 1200 RPM-Medium load and 2400 RPM-Medium load are
consistent with the data shown above. Both figures display increases in oil consumption
with corresponding increases in oil derived SOF. This result is desirable to aid in the
development of the relationship between OC and oil derived SOF. The graphs of each
comparison is located in Appendix II.
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5.3 ENERAC 2 0 00 ETM and MIT Gas Cart Comparison.
The analysis and results provided below are only a cross-section of the data
collected during this study for the ENERAC 2000ETM comparison. The gaseous
emissions graphic results and raw data, for the other speed and load combinations tested,
can be found in Appendices IV and V respectively.
5.3.1 Carbon Dioxide Sensor Comparison.
The ENERAC does not contain an electrochemical sensor for CO2. It calculates
the concentration of CO2 present in the sample based only on the oxygen concentration
and the type of fuel used in the engine. Therefore, selection of the proper fuel is
important for the computation of CO 2. Since the fuel types are pre-set at the factory, the
exact fuel used for this study was not an option. However, a fuel with similar heat of
combustion was selected. As mentioned in Chapter 3, fuel 1 was set with heat of
combustion of 43.28 MJ/kg. The actual engine fuel has a heat of combustion of 43.1
MJ/kg. A difference of less than 0.5 percent. The algorithm the ENERAC utilizes is
shown below. It is based on a linear relationship between the 02 concentration and the
ultimate CO 2 value of the fuel (the maximum level the fuel is expected to produce).
°2
CO 2CO 2ult ( - 2.0
where:
CO2 = Calculated Concentration.
C02ult = Ultimate CO2 of Fuel.
02 = Oxygen Concentration.
According to chemists with Energy Efficiency Systems, producers of the ENERAC,
values of CO2ult range from 15.5 to 16.2 percent for light diesel fuel. Therefore, assuming
that fuel selected in the ENERAC (heat of combustion of 43.28 MJ/kg) and the fuel used
in the engine (heat of combustion of 43.1 MJ/kg) were at opposite ends of the CO2ult
spectrum, the maximum difference in concentration is only about 5 percent.
Comparison revealed good correlation between the two means of determining
CO2 concentration in the exhaust sample. Figures 5.15 and 5.16 display the repeatability
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and average mean difference at high speed (3200 RPM) and medium load (10.5 N-m).
Figure 5.15 depicts variability of approximately 1.0%, and Figure 5.16 depicts an average
mean difference of less than 10%. The observed differences increased for the CO 2
sensors as the emission level in the exhaust increased. Interpretation of the above
equation indicates that as the 02 level decreases the value calculated by the ENERAC
will tend to the ultimate CO2 value of the fuel. Figure 5.15 displays the linear
relationship between 02 and the calculated C 2 concentration (f(0 2) represents the
concentration of C0 2).
30
20
02
10
0
0 5 10 15 20
f(O2)
Figure 5.15
CO2 Dependence of 02 Concentration
Considering that the ENERAC's stated accuracy of the CO2 calculation is +/- 2.5 % [23],
the results of the Gas Cart correspond quite well. Error bars plotted on Figures 5.16 and
5.17 represent +/- 2.5% of the reading for the ENERAC and +/- 1.0% of the full scale for
the Gas Cart.
Good correlation was again found in analyzing both sensors response to transient
engine operation. Both systems followed the same trends with differences of less than
10%. Figure 5.18 and 5.19 display the response of both analyzers to changes in load and
speed respectively.
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Figure 5.16
Repeatability of Sensors (C02) @ 3200 RPM - Medium Load
Figure 5.17
Average C02 Readouts @ 3200 RPM - Medium Load
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Average C02 Readouts (C02) @ 3200 RPM - Medium Load
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Sensor Trends During Load Transient Operation
Figure 5.19
Sensor Trends During Speed Transient Operation
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5.3.2 Carbon Monoxide Sensor Comparison.
This section analyzes the results from the electrochemical carbon monoxide (CO)
sensor contained in the ENERAC and the infrared CO sensor contained in the Gas Cart.
Good correlation was obtained between the two sensors for both steady state and transient
engine operating conditions. Figures 5.20 and 5.21 display the sensor repeatability and
average mean difference for the two sensors at high speed (3200 RPM) and medium load
(10.5 N-m).
Figure 5.20 depicts some variability in the CO concentration detected by both
sensors, but both sensors responded in the same manner indicating that engine conditions
may have been slightly different than the previous runs. Correlation is very good between
these two sensors for this grouping of runs. Figure 5.21 depicts an average mean
difference of less than 10%. Figures 5.22 and 5.23 display the sensor trends for load and
speed transients respectively. Error bars shown on the Gas Cart data in figures 5.18 and
5.19 represent +/- 100 ppm (+/- 1% of full scale). Error bars for ENERAC are +/- 8 ppm
(+/- 2% of reading) are not visible due to scale of graphs.
As mentioned above, the correlation was good for this group of runs. Other data
exists, in Appendix IV, where the correlation is not as strong. There are a couple of
reasons that may contribute to the observed differences. The analog output of the Gas
Cart is converted to concentration via Table 2 [25]. These tables were last generated in
1989, and are based on a curve fit for five different span gases and a calibration over the
entire range of concentrations. The precision of the sensor and its respective conversion
table is, at best, 100 ppm. For example, analyzer readings of 0.5, 1.0 and 1.5 correspond
to concentrations of 500, 700 and 1000 ppm respectively. Interpolations fo- readings
falling between 1.0 and 1.5 are possible, but strongly dependent on the operators ability to
precisely determine the exact reading. For higher concentrations, the effect of this error is
minimized. Additionally, the inherent error of the Gas Cart sensor is +/- 1% of the full
scale reading (+/- 100 ppm for all conditions). While the error of the ENERAC sensor is
+/- 2% of the reading (+/- 8 ppm for the engine condition displayed). In addition, the
operator must be very careful to read the meter at eye level. Otherwise, errors of up to +/-
200 ppm are possible depending on the angle at which the Gas Cart analyzer is read.
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Also, since the diesel engine runs lean, the concentrations of CO tend to be very
low, typically 0 to 500 ppm (except at the high load conditions where it may go above
2000 ppm). This level is at the low end of the Gas Cart sensor range (0 to 10,000 ppm),
where readings are less accurate and the effect of the inherent error is magnified. The CO
levels fall in the low to middle range of the ENERAC sensor (0 to 2000 ppm).
Figure 5.20
Sensor Repeatability (CO) @ 3200 RPM - Medium Load
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Sensor Repeatability (CO) @ 3200 RPM - Medium Load
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Figure 5.21
Average CO Readouts @ 3200 RPM - Medium Load
Sensor Trends During Load Transient Operation (Medium
to Low Load @ 3200 RPM)
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Sensor Trends During Load Transient Operation
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Sensor Trends During Speed Transient Operations
5.3.3 Nitric Oxide Sensor Comparison.
This section analyzes the results from the electrochemical NO sensor contained in
the ENERAC and the chemiluminescent NO sensor contained in the Gas Cart. Good
correlation was obtained during steady state and transient operating conditions. Figures
5.24 and 5.25 display the repeatability of the sensors and the average mean values of the
sensors, respectively, for a high speed (3200 RPM) and medium load (10.5 N-m) test
condition.
Figure 5.24 reveals some variability in the Gas Cart sensor, but all centered about
the ENERAC readings. The Gas Cart NO analyzer has an accuracy of t/- 1% of full
scale (+/- 100 ppm), and the ENERAC NO analyzer has an accuracy of +/- 1% of the
reading (+/- 6 ppm on average for this condition). Figure 5.25 depicts the average mean
values of the sensors over three test runs with a difference of less than 12%. The ranges
of NO detected in the sample exhaust (0-1500 ppm), similar to the levels of CO, fall in
the low end of the full scale for the Gas Cart analyzer (0-10,000 ppm). Additionally, the
angle at which the Gas Cart meter is read is critical in this case as well. Errors of up to
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Sensor Trends During Speed Transient Operation
(3200 RPM to 2400 RPM - Low Load)
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+/- 100 ppm are easily introduced due to the analyzer configuration on the Gas Cart. The
ENERAC analyzer range is 0-2000 ppm.
Figures 5.26 and 5.27 display the sensor trends during transient operating
conditions. The correlation of the sensors was good as both followed the same trends for
each transient condition. This was true for all test conditions. Differences in the sensor
output did increase in a few cases, but all within the range of inaccuracies addressed
above. Error bars indicate +/- 100 ppm for the Gas Cart and +/- 6ppm for the ENERAC.
Repeatability of Sensors (NO) @ 3200 RPM - Medium Load
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Figure 5.24
Repeatability of Sensors (NO) @ 3200 RPM - Medium Load
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Average NO Readout @ 3200 RPM - Medium Load
Figure 5.25
Average NO Readout @ 3200 RPM - Medium Load
Sensor Trends During Load Transient Operation (Medium
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Sensor Trends During Load Transient Operation
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Sensor Trends During Speed Transient Operation
5.3.4 Oxides of Nitrogen Sensor Comparison.
This section analyzes the results from the electrochemical NOx (NO + NO2)
sensor contained in the ENERAC and the chemiluminescent NOx sensor contained in the
Gas Cart. As was the case with the CO2 sensor, the ENERAC calculates the NOx
concentration. The NO and NO2 concentrations detected by the sensors are added to
obtain NOx concentrations. Good correlation was obtained during steady state and
transient operating conditions. Figures 5.29 and 5.30 display the repeatability of the
sensors and the average mean values of the sensors, respectively, for a high speed (3200
RPM) and medium load (10.5 N-m) test condition.
Figure 5.29 depicts minimal variability between repeated runs. The accuracy of
the Gas Cart analyzer is +/- 1% of full scale (+/- 100 ppm for all conditions) with possible
additional inaccuracies introduced when reading the meter of +/- 100 ppm. The
ENERAC accuracy for calculation is +/- 1% of reading (+/- 8 ppm for this condition).
Once again, the level of NOx detected in the sample (0-1000 ppm) was on the low end of
the Gas Cart analyzer scale (0-10,000 ppm) expanding the inaccuracy of the reading. The
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Sensor Trends During Speed Transient Operation (3200
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detected levels were in the lower end of the ENERAC analyzer scale (0-3000 ppm).
Figure 5.29 depicts the average mean value of each sensor with a difference of less than
5%. The observed differences for data collected up to 2/19/96 revealed similar trends.
However, as can be seen in the raw data, Appendix V, the difference between the two
sensors increased to - 30 percent and higher. Also noticeable is that the detected levels
of NO and NO, are nearly equivalent for data collected after 2/19/96. This trend may
indicate a couple of problems. The vacuum pump failed on 2/26/96. There was some
evidence of water present in the pump as well as extensive build up of particulate at the
intake and exit ports . The pump was repaired, and preventive measures were taken to
avoid the recurrence of this build up. The particulate filter was installed upstream of the
pump and the additional ice bath that was installed external to the Gas Cart. The reason
for connecting the ice bath was to remove any moisture from the sample, prior to entering
the vacuum pump, to minimize the potential for pump damage. While this proved
effective for pump maintenance, NO2 dissolves readily in water [23]. Additionally, two
test days prior to pump failure, and subsequent installation of the ice bath, the same trend
was observed. Indicating that the pump was not drawing enough vacuum to pull the
sample through the sample line before condensation due to cooling effects occurred.
Dissolution of the NO2 into water is again suspected. This being the case, the NO / NOx
analyzer would not effectively detect the level of NO2 in the sample and the NOx levels
would read very nearly the same as the NO levels. An example of this trend is shown
below in Figure 5.28.
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NOx vs NO Concentrations Detected After 2/21/96
Figure 5.28
NOx & NO Analyzer Differences - Post 2/19/96
An equivalent trend is visible in every case after the corrective actions were
employed.
Figures 5.31 and 5.32 display the sensors response during transient operating
conditions. Both sensors follow the same trends and differences in readings fall within
the inaccuracies mentioned above. Error bars depicted indicate +/- 100 ppm for the Gas
Cart and +/- 8 ppm for the ENERAC.
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Repeatability of Sensors @ 3200 RPM - Medium Load
Figure 5.30
Average Readouts @ 3200 RPM - Medium Load
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NOx Sensor Trends During Load Transient Operation
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5.3.5 Oxygen Sensor Comparison.
This section analyzes the results from the electrochemical 02 sensor contained in
the ENERAC and the polarographic 02 sensor contained in the Gas Cart. Although
limited 02 data was collected, due to an unexpected shipping delay of a replacement
oxygen sensor, excellent correlation was obtained. Figures 5.33 and 5.34 display the
sensor comparison and average mean values respectively. The variability between
sensors is almost nonexistent as depicted in Figure 5.33. Figure 5.34 shows the average
mean values with a difference of less than 1%. The accuracy of the Gas Cart sensor is +/-
1% and +/- 0. 1% for the ENERAC sensor. Both sensors operate over the same range of 0
to 25%.
This application proved to be ideal for the comparison of the 02 analyzers. Since
the diesel runs lean, the 02 concentration in the exhaust was typically well into the middle
range of both sensors (-14%) for the test condition compared. Additionally, since both
sensors operated over the same range, inaccuracies due to scale differences did not exist.
No transient data was collected for the 02 analyzer. However, it is expected that
similar results would be ob.ained. Figure 5.35 displays a graph of the ENERAC 02
analyzer results vs. the Gas Cart 02 analyzer results. A linear regression was used to fit a
curve to the data points. The result was a curve with a R2 value of 0.98. The equation of
the line was determined to be y = 0.9897x + 0.5346.
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Sensor Comparison @ 1200 RPM - Low Load
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Sensor Comparison @ 1200 RPM - Low Load
Figure 5.34
Average 02 Readout @ 1200 RPM - Low Load
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Chapter 6
CONCLUSIONS AND RECOMMENDATIONS
6.1 Particulate Rate Characteristics.
6.1.1 Conclusions.
There are many factors that influence the development of particulate matter.
Temperature, fuel-air ratio, dilution ratio, and fuel-air mixing all play some role in this
complicated puzzle. Studies focusing on these aspects would aid in continuing the
advancement understanding the particulate development process.
1. Tne oil derived soluble organic fraction increases and decreases in kind with the
engine oil consumption. This agrees with the previous findings as addressed in Chapter 1.
The oil derived soluble organic fraction (SOF) is greatest at the high speed (3200 RPM) -
low load (5 N-m) operating condition. This result agrees with the findings of SAE
900591. The confirmation of previous works by the data, from this study, indicates that
the dilution tunnel configuration, particulate sampling system and analysis, provide
reliable and consistent results.
2. For the overall aggregate data, an approximately linear relationship exists between
engine oil consumption and the amount of oil derived soluble organic fraction. Data from
previous works and the data resurrected from this study both support this finding. The
ratio between the data is calculated to be 0.641 for this study, and 0.47 for the data
reported in the literature [17]. The documented range for the amount of consumed oil
contributing to the SOF is between 30 and 80 percenL [9]. Therefore, an average value of
64% obtained from this study seems reasonable.
3. The ratio of L/O SOF to OC is lowest at the medium load conditions. This may
indicate an optimal operating condition for this particular diesel engine. The combination
of the exhaust temperature (at least 3000 C) and air-fuel ratio (- 50) at the medium load
condition, for 2400 and 3200 RPM, appear to provide an environment highly suitable for
the oxidation of the consumed oil. Therefore, the amount of oil contributing to the SOF
decreases substantially at this condition.
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4. L/O SOF and OC did not behave in exactly the same manner as the intake air
pressure is reduced from atmospheric. OC refers to the total oil consumed, while the L/O
SOF refers to that fraction that ends up as particulate. While OC increased steadily as the
intake air pressure decreased, L/O SOF first increased between atmospheric and 90 kPa.
As intake air pressure further decreased to 80 kPa, L/O SOF decreased somewhat. This
can be attributed to the increase in the burn-up of lube oil from the 90 kPa to the 80 kPa
condition.
5. There was a substantial change in the insoluble particulate matter between
medium and high speeds, while the insoluble portion remained somewhat constant
between low and medium loads. These results sugget that at the higher loads, increased
F/A ratio, and the increased temperatures contribute to the development of carbonaceous
particulate.
6. Insoluble particulate matter increased as load increased, or as intake air pressure
decreased. Fuel-air ratio plays a role in the development of insoluble particulate matter.
As mixtures become rich, the more carbon is produced during combustion and therefore,
the percentage of insoluble TPR increases. This behavior is observed for each speed
condition as the load is increased, or the intake air pressure is decreased.
7. The change of ring pack configurations, between the standard ring pack and two
other ring packs (one with 52% decreased oil control ring tension, the other with an
inverted scraper ring), provided proportional increases in oil consumption and L/O SOF.
Implications.
1. Based on the steady state results of the particulate rate (specifically the oil derived
SOF), behavior during transient engine operating conditions can be predicted. Load
transients induce an instantaneous increase in oil consumption which would correspond
to increases in particulate rate. This result agrees with practical experience when
observing a vessel getting underway. As the load on the engines is increased (as the
vessel begins to move), a temporary plume of particulate is visible from the stacks. Once
the engine condition stabilizes, the heavy particulate emissions are not as obvious.
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2. Significant reductions in particulate rate could be obtained by reducing the oil
consumption. Typically, the SOF contributed between 20 and 90 percent of the total
particulate rate. Of that, between 30 and 90 percent (- 64% based on curve fit) of the
SOF was derived from the oil consumed. This indicates that potential reductions of
between 6 and 81 percent of the total particulate rates are achievable by controlling
engine oil consumption.
6.1.2 Recommendations.
1. Additional testing should be conducted to further evaluate the effect of F/A ratio
and exhaust temperatures on the oil and fuel derived SOF. A study of this nature could
locate the optimal operating condition (optimal referring to the lowest production of TPR
and Oil derived SOF) for any particular engine type.
2. Follow on testing should be conducted to validate the accuracy and linearity of the
relationship between the oil derived SOF and engine oil consumption. Results which are
found to support the previous and current findings of linear dependence would greatly
assist in developing an exact empirical relationship. It is expected, however, that
different test beds will yield varying relationships as shown by the difference between the
data of this study and the data contained in Figure 2.1. This being the case, it would be
advantageous to develop multiple relations to form a set of curves. These curves could
then be used to evaluate potential particulate reductions based on the predicted or known
engine oil consumption.
3. The dilution tunnel sampling system should be modified to sample the entire
exhaust stream. The filter loadings were typically very low and the follow-on GC/MS
analyses of the samples were frequently impossible. Increasing sample time of the
current set up would increase loading, by the particulate tends to "flake" off during
extraction when the 47 mm filters are over loaded. Installation of a sampling system,
designed to sample the entire exhaust, in parallel with the current dilution tunnel would
be beneficial. Since it is important to maintain constant filter face temperatures between
repeated test runs, having the sampling line in parallel with the tunnel allows for more
97
precise temperature adjustments. Once the dilution tunnel temperature had stabilized, the
dilution air flow could be throttled to adjust the dilution tunnel temperature to the desired
value. As soon as the temperature was obtained, the exhaust flow could be directed
through the parallel dilution tunnel containing the particulate filter, via valve
manipulation, and samples could be collected. Heat transfer is sufficient to ensure that
the filter temperatures would be well below 52 C at all times. The larger in-line
particulate filter would also increase the accuracy of the measurements by eliminating
variability of the wet test meter and of potential particulate buildup at the bends and edges
of the sampling line. Heavier particulate loading would also aid the laboratory conducting
the sample analyses.
4. An alternate means of supplying dilution air should be investigated. The current
compressed air source is outdated and uses substantial amounts of oil daily. If a constant
volume fan or blower is not available, a new compressed air system has been installed in
the laboratory, and it is recommended that future studies employ its use. In addition to
the use of the newer air compressor, an additional in line air filter would be advantageous.
5. The engine needs to be run up to high speed and high load between each
particulate sample. This will ensure that any carbon buildup present in the engine during
extended periods of running at low loads would be cleaned out. Every third run may not
be adequate as shown by the variation of the data obtained at some of the low load
conditions.
6. The oil consumption values obtained by the sulfur dioxide-based RTOC system
should be compared with values obtained by validated oil consumption measurement
techniques. This comparison would allow for a determination as to whether the oil
consumption being measured is representative of the overall engine oil consumption.
7. Future studies should be limited in scope, and try to focus on specific aspects of
the particulate development. This study included a wide range of operating conditions,
and sample analysis became a major expense as a result. Consequently, one of every four
particulate samples were analyzed for fuel and lube oil contributions. It is recommended
that every particulate sample be analyzed for fuel and lube oil contributions to potentially
obtain a more precise indication of the respective levels.
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6.2 ENERAC 2 0 00 ETM and MIT Gas Cart Comparison.
6.2.1 Conclusions.
1. The comparisons of the ENERAC 2 00 0 ETM and the MIT Gas Cart, for the
purposes of measuring gaseous emissions from a diesel engine, are very good for each
sensor and/or calculation. In each case, the electrochemical sensors and calculations of
the ENERAC match up well with the infrared, polarographic and chemiluminescence
sensors of the Gas Cart.
2. The ENERAC is capable of providing reliable and consistent gaseous emissions
measurements as shown by the comparisons of Chapter 5, and the additional
measurement comparisons and raw data of Appendices IV and V respectively.
3. Since the diesel engine runs lean, measured levels of CO and CO2 tend to be low.
The sensor ranges on the Gas Cart may be too broad for measuring low level emissions
from a diesel engine. Whereas, the sensor ranges of the ENERAC sufficiently cover the
detected level thereby providing more precise measurements. The use of more precise
sensors, with ranges that adequately cover expected emission levels for "specific"
applications is more appropriate. For example, the MIT Gas Cart is designed for use with
a wide variety of engines and emission levels. Therefore, for laboratory use, the Gas
Cart's sensor ranges are more appropriate as it must be flexible to the needs of any
particular research project. However, utilizing the Gas Cart for specific field
applications, where the expected emission levels are low, lends itself towards
inaccuracies. In these cases, the ENERAC is a more appropriate gaseous emissions
measurement system
4. Mobility, reliability, and compactness are desirable characteristics for systems
designed for monitoring mobile sources of gaseous emissions. Gaseous detector suites
similar to the Gas Cart are outdated and impractical for field application. The ENERAC
provides the mobility, reliability and compactness that is attractive to users worldwide.
This is important as the possibility of requiring installation of gaseous emissions
measurement systems aboard all commercial vessels, domestic and foreign, is a real one.
Therefore, the system must be non-intrusive in nature to limit its effect on the operation
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of the vessel. Vessel owners and operators will be more akin to a system similar to the
ENERAC which requires minimal operator expertise and demands minimal space for
operation.
5. The relativistic trends of the CO2 calculation completed by the ENERAC and the
infrared sensor of the Gas Cart proved to be very acceptable as shown in section 5.3.1.
Differences of less than 10% were typically noted. In all cases the trends of both
apparatus were nearly exact. Initially, a recommendation was going to be made to
incorporate an electrochemical CO2 sensor into the ENERAC system. However, in
speaking with the manufacturers for the ENERAC, Energy Efficiency Systems, producing
an electrochemical sensor for CO2 would dramatically increase the size of the system.
This result is exactly what designers are trying to avoid. Besides, the favorable
correlation between the calculation and the infrared sensor deems it unnecessary.
6. The comparison of the ENERAC's electrochemical CO sensor with the Gas Cart's
infrared CO sensor also proved to be very acceptable as shown in section 5.3.2. Average
mean differences of less than 10% were typically noted. Sensor trends during transient
engine operation were nearly exact. Detected CO levels were consistently well below
2000 ppm which is ideal for the sensor range of the ENERAC (0-2000 ppm). While the
Gas Cart sensor range (0-10,000 ppm) is much greater than the detected values. This
introduces expanded error for the lower end of the sensor scale. The inherent error of the
Gas Cart sensor is +/- 1% of full scale and of the ENERAC sensor is +/- 1% of reading.
The resolution at these levels is much better with the ENERAC than with the Gas Cart
sensor.
7. The comparison of the ENERAC's electrochemical NO sensor with the Gas
Cart's chemiluminescence NO sensor was again quite acceptable. In all cases the
behavior of the sensors was nearly exact with minimal differences in actual measured
values. Measured values of NO were well below the maximum range scale of the Gas
Cart. While the detected levels were more appropriate for the range scale of the
ENERAC.
S. The trend and comparisons displayed in section 5.3.4 depict good correlation
between the electrochemical and chemiluminescent sensors. With minor variation the
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data is very consistent throughout testing for repeated runs. The range scale of the
ENERAC sensor (0-3000 ppm) proved to be more appropriate for this application as the
detected levels never exceeded 1300 ppm. While the Gas Cart sensor was able to detect
these low levels, the data barely reached above 10% of the full scale value (10,000 ppm).
Therefore, error is inherently greater at these levels for the Gas Cart. Also, as testing
progressed, the Gas Cart analyzer readouts were consistently lower than the ENERAC
readouts for all conditions. It has been concluded that this difference in measured levels
resulted from the addition of the second ice bath external to the Gas Cart. The second ice
bath condensed the exhaust sample, and the NO2 dissolved into the water and was not
detected by the Gas Cart analyzer.
9. The comparison of the oxygen sensors was limited, but additional data was not
necessary in this case as the sensors had nearly a one to one relationship. Noted
differences of less than 1% were standard for these sensors. Both sensors cover the same
range of operation (0-25%) and both performed equally well. The only advantage goes to
the ENERAC sensor as its containment in the briefcase sized detector make its
application more attractive to prospective shipboard applications.
10. The ENERAC's Response to transient engine conditions was exceptional.
Response time of the ENERAC was an order of magnitude lower than the Gas Cart (i.e. 5
to 10 seconds vs. 80 to 100 seconds [sample lines were of comparable length]).
6.3.2 Recommendations.
1. Dependent on the particular engine application, the CO, NO and NO 2 sensors
(available in several ranges) should be replaced in accordance with the anticipated
exhaust CO levels. For example, for sources emitting above 2000 ppm, CO sensors with
ranges of up to 20,000 ppm are available. Similar variations for the NO and NO2 sensors
are available.
2. Based on the previous analysis and results obtained for the ENERAC and the Gas
Cart, it is the recommendation of this study that the ENERAC receive strong
consideration for EPA approval for the monitoring of mobile sources of pollutants. The
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electrochemical sensors and ENERAC calculations performed in step with the infrared,
polarographic and chemiluminescent sensors of the MIT Gas Cart.
3. The ENERAC is a better choice for the monitoring of diesel engine emissions due
to the sensitivity of all sensors. Certainly, the Gas Cart could be fitted with lower range
sensors, but the adaptation of the Gas Cart type set up into a shipboard environment is
unrealistic. The ability of the ENERAC, a briefcase-sized detector, to obtain consistent
and valid results is exceptional in terms of its potential for use in marine applications.
Ship owners and operators will be much more receptive to the non-intrusive and user-
friendly nature of the ENERAC 2 00 0ETM.
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OIL CONSUMPTION DATA
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Appendix III
CALIBRATION CURVES
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Volumetric Flow Meter Calibration
Volumetric Flow Meter Measurement (liters)
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Appendix IV
SENSOR COMPARISONS
138
1
r- M
ui(
1O t C) N T- 0 ) O J O "O ) m)O N 0
(below %) UO!)RJju83Uo3
w
cvOU)N
0 _
E
IC
co
C')
139
'0la0
-J
0
-J
a.
!a
0(Nr
Co
o
A0c)
a0
coCL,E01~0
c0
co
C
I- L II- 
o o 0 0 0 0o o 0 0 0 0
o co (0 " N 0Nq T- Ml A- T
L
o a 0 o0 0 0 C
C3 C3 N
(uwdd) uo!ieJuaouo3
140
la(v0
-i
.J0
-J
00C~I
.)
n~
._0
U,
E00
L.
0(0
CO
.-
-C
N
c
E
.E
I--
N0
1T-
0
__ __I_ a L-- C
;p1~
I
I
I
I I
I
I i . . . i
"0
(a0
-J
0
-
z
Q.o
00.
To0Z
-)a
1~
0
U,Co0c
at)
o 0 0 0 0 00 0 0 0 0 0
o o O t CM 0
N5 T 
o 0 0 00 0 0 0co co N
(wdd) uo!eJuaOuoo
141
r-
CD
U)
cv,
!-
._E
E
cv
0
t
I-
w O
' i
o 0 0 0 0 0 0o 0 0 0 0 0 0o t- co U) Co
CO CN CM CN 
(wdd) uoi~jejuauoo
o o 0o 0 0
a) CD CV)
142
la0
-J
-
0
_1-
0
cI
0
z
00(UT-n
to
toIx0EC00a-
0a.E0
0
c.
co
4,AC
E
E
I-
CO
0
CcO
cc C/)
Ile C N r- 0
'%'- 9'- 9~ '%- 'r-
C) co
i I I l I I
co , It , N 
(jIuolU %) uoileijua)UO3
143
la
c50
._1
-jE
a)
0m
CD'0
n,CoI-
00
,0
oE0
oasI.0r.
0'
U
U
N
I,
E
I--
co
0
0
___ t..- I-
I I I l I { I I 
I
I
I I4
-CU
cu 0
iLi-c
a) V
C a 0 0 C 0
o co co o o Oo 0 0 0 0 0
o oD CD St CMJ 0
0 0 0 00 0 0 0
cD (D V C\J
(wdd) uoejuaouo3
144
"0
O0
-J
...
-E
o:50
n
n.
O0
0N
0O
UoC0
E0
,.
0
C
(0
CCD
cD
E,
E
i--
ce
0
, U
r U
t C
,. > .. .. ; 
-s
* I I I , j I I - 4 I
.1I
rI
- LO
C
E
0
E
c ',
V- 
o o C o o o o o o o oo o o o o o o: o o oo CD 0 0 a 0 0 0 0 0o co co N 0 co ( C) N
(wdd) uo!eJLuauo3
145
la
m0
*-E
im
0)
w
a-
00
0N
VU0z
.-C0
o
m
(0EC.)o
o
0)Cn
,L _ __P- I
!u I I
o C 0oO 0 0CCD ( m0
to
.dj
co
E
NC
0 U
cuCL.
ci) Uf)
Cl0
0J
.J
-
E0
!a.
o
z
Cuo
0@00E0
U)
Cn
o o 0 0 0 0 0o o o 0 0 0 O
o r- - 00 LF) C(CN N CN CM
(wdd) uo!iejzuauo3
O
146
Ir
(elO %) uol e3 - o
(JejoVw %) UO!4W1Us3U0:
147
la(a0
0)
cn
0
.
0
U)C
O1Co
"-
!
n
*rnOuO.EO
C.
O.
E
C(t
-
0)
C
._
E(D -
.E
I-
o. I
U) 0
e 
- -- __ ---, - l -
l l l: | I l I I I 16 1
II
II 
IId4
4
ml
.L
.
A
I I I
I, . I I I I
LO It 0 CN It-
la
0
0)
.I
g00N
I-
©o
zso
c0
(n
.
E0u)
O.0I.00(/
C/)
o o 0 0 0 00 0 0 0 0 00 o o It C'J 0
CN J 
o 0 0 0o 0 0 000 0 lw.~j C'
(wdd) uoeJua3uoO
148
LO
C)
E,
EVIP
E
CNj
1r
O
o 0 00 0C 00) (0 C03
cuO0L C
a1) M
w (9
Lu)
0la0
-J
-
-
tm0
0
.o
0ZC
0i,
TL0
E000CL
a)
U)
a
E
._ 
E
._,
4
N4
1F
o o 0 0 0 0 0o o 0 0 0 0 0o - - to U) N
C') N CN 
(wdd) uo!1JxuS3uoO
O
149
C\J
U,
- S
-CO
-co
-
.
LU . 0 0 C 0) 0 CO ID- (0 uO ~ c -- 0
(jelowA %) UOEIjW8juquo3
150
cu O
L.-
a) C)f i
I
0
0
0
0
-)wn
CD00.O
C0oc-a
C~.E0
C._
L-
C0c)
I r
I
I
I
I
I
- I
I
I
0
I
I
I
Ir-- i
la
0
-I0=
o
o
cc00
e-m
0
C.
E0
C,
0
U:
a,
C
C 0 0 0.) 00 C) 0 C) O C0 CO CO t N 0N r-
o 0 0 Co 0 0 0
Oo tO N C
(wdd) uoeiua3uoD
151
a,
rC
co
C
'T
C
E
EI-
CO
CV
N-
C)
t)0 CU
L-
a)
CU
o 0 0 0o) 0 0 0O O 0o co o CO (iD ~ (w1
(dd)
i
o oo o
o co
UO!leJue3uo3
152
P-
0)
co
"0
co
0
-i
3...
0
a-
0,...0
©&
z
c
0
co
E0U
1.0
co
n_n
CO
0
I0 eULO
c
E
E
.--,
-C,
-NV
o 0o
'O
~I .0 0
N
0
___
I II . I - l H I-
--
co
I I
I4
I4
i4
4 I
) I
oI
7(o0
-J
0
-J
!
n'0
q.
oItT
0
x
0Z
0~
I-
0
(/)c
0
Eo
o o o o oo o 0 0 0CD C0 0 0
o r O- Co
CN CM (wdd)(wdd)
o 0o 0IN
uJ) uu0
uoljej~u3uo3
153
e
oo
U)
C
E
EI._
C\
0
!
I
I
000)
0
C)
co
O
__ ~   ~ ~~ ~~~~~~ I_ I _ I l-u u | S h! II I
i . -I--· CP ·- · · --- · -- · m~mm~mm
L
l -- L S
mJ
! I4
[ I
I4
I I
I [
I I I
t~
o Co2 0
UL 1 C (.%J % C) uC co - o LO t Ce CJ r o
(Jeiow %) uoujeJ}ue3UO0
ug
LO
CN C~C0)
a) ~ ~ ~ ci~~
I-
(0C,
0
154
0lo
-J
Eo
@a-00w
0
0CM
m
(000.
E00
._
0m
L-Coc
"0
3
._0E
C)
n0
00
0Cqcm
0
Co
C0
0
e~O.E
0o0
L.0
UOCU,w,
o 0 0 0 0 0CD C) C 0CD 0 to \ ClN % - %
o 0 0 0o o 0 0
(wdd) uo!lWeaUO:3
155
CD
Lt)
E
E-
E
CV,
0
'0CMm0
-
E
is
a-0
en0
Cq.©N
0z
U-a
E00CL
0
C.)
Co
o 0 0 0 0 0o o 0 0 0 0
o co (0 0 N 
N T- V-~~~~~~'I
0 0 0 00 0 0 0Co CO N
(uJdd) UO!ejuae3UO3
156
co
CD
,i
El~ 0
E
I-
C
0
C., 
c O
L..(i) ci,
o o o o o oo o o o o o
o r- co U)
c s N N ,- -
o o 0 0o 0 0 0
N CD (D CO
(wdd) uoqeJluauo3
157
"O
0IU
-JE
a)
,..,
0
*m 
"O
In
!13.0:0zN@
0
Z
Ca
0
0
(0
C
0
am,,I!,..O.E
c
Cr
LO
a)
A
E4,I-.
CO
1-
0
U)0
CoN~~~ C
-
c >
E <
. c
O~~~~~~~~~
0
LO 'dt C C\M I- 0 CD O N- %C) Lo ?) CJN - 0
(Jelow %) uopeiuaeuoo
158
cu Ot.
cj Co ~ ~ ~ ~ ~
*00
t~0
-J
0)
010
2
'*-
E
..
wen00
It00
E0
.
0ULE0
U')
I I II
I 
, 
|
I 
m
I
I
I
.
.
. I I II I4
-
_ .
C, 0
0L) U/)
o o 0 0 0 0o o 0 0 0 00 0 o 0Nq '- T- V-
o o 0 0o o 0 0
(wdd) uo!,eJue3uoo
159
law0
-i
0.I
0qT
N
CM
00So
E0U)
,.
E0
U)
I==0
co
co
N-
co
u'~
. w
E
al D
EI-
N
0
Io o 0 0 0
o oNI O 
(wdd)
o o
oM o
O OD
uoeJuauo
uoileiluaouoo
o o 0o O 0
160
N-
- Co
-U
la
*-
0
Y
rILZ0I1.
oN
z
o 0
uE0
C.)M
moE0
L_
O
c
CN
a
._
E
I-
(N
o
_ ___ __ N p l -
I I I l___d I L _
- S -- 2; ; f, -
I
II
I I
4
I
·
EO
a1) en)l- "Co
I (i
o o 0o 0 0
5 9', - co
C1 CIJ
(wdd)
o 0o 0U) C'
1uo-!}u8uauo 
uo!$e.4.ua3uo3
0o o 
C) C0 C)Cr) coD m'
161
l0
0)c0
00am
-r'!
0*E0
o
o
.@
00.m0o
0
.r
-co
-LO
E
I-Z
Ceo
Oo oo o
o N-Ce NC)V I'~
_ C
- -~-d-- -c i i - lI l - 1- -
I
i
I
I
.
I 
1-
COl
co
·- 
I',
4)
E
.
0,
(0
0)
CO
LO u 'r cN - 0 co o- LO -Om CD r- O
(jeloVU %) uo!eJuae3uo3
162
10
(U00
-J
0s00.0
(0
-c.0
U,
.a
(enCo
Ea@
A
L-
OO
O
tD
cOXX C
a) en
Lu 0
f f
0 0 0 0 0 0o o 0 0 0 0O 00 cD w N 0
CN 
0o 0 0o 0 0 000 (0 N
(wdd) uo!eJuasuoo
163
0Cu0
-j
0
-i
n.
o
oa-z00N
U)
0E
000
.
CLE0
o
0
Un
o
p-
CD
U)
NU
C
E
E
I-
Nc
0
'0
0
0
-J
oN
@
A00z0
mm
sC0.
E00
t_
0
0
coen)
o 0 0 0 0 0o 0 0 0 0 0
o CO D T CN 0(N-T-T 0 0 0 0o o 0 0CO CO o
(wdd) uo!iejuaeuoo
164
co
Co
coCN
._
E
E
IF
CN
0
0o 0 C
o co 
a, CD C
t
u O
c X
w (9
tf
o00
0
-J
0
-J
0T
ooN
z
-c
C
.
00
0
cm
E0
o
0
U)
ma)
Eo
tD
LO
N-
Nc
E
E
-
Ct
md
N
0
o a a ° LO Co a a a 0 0 0o 0 t0 0 0 0 N( CN N N r4 laU
(wdd) uoi;j~uJIuoOD
165
'am0
-i
E0)0w0
O-
00
0N0O
U,0.L)00E
C
¢D
,)Eo
0n
at
L.
.11.- T VN I- 0 0
(jegojjw
I
co N co Uto w. N C- o
%) uo!ilejluea3uoo
166
C00
co
c
E
C)
cO
C)
_ ~ ~ ~ ._ D_ J YA __
I ~ ~ ~ l-- I -. I - -i bI . d < - l * # l @-
Iq
I4
C! I4
I
,1
Ill
lb I4
III
0
-J
E
To:o0
a-00em
EC0o00
2
0CL0(000
a)
o C0 0 0 0 0o 0 0 0 0 0
o Co CO ' N 0(N .- Ir rl
o 0 0 0o o 0 0
co CO V (N
(wudd) uo!peaJluuoo
167
a)
o
r-
Co
0)m'c
E.
BE
Cr
C
0
tCo 
F0)
C CU
if 
I
I
I I I I ~~ ~~~~~~~~~~~~I 
1 4
I 
U.,
- c-
- co 00w0
aF~~
E I
E
,
C,
N
o 0 0 a O 0 0 C- C0 0 o 0) 0 0 0 0 0 Ci 0 0O O co N O co cO N 1
(wudd) uo!ieJua:3uoo
168
m
"O0
-J
E
0
z0
m
I-
nC:LO
o@Oz
a_EOo
O-
t0
e,'
e··
m
I
I
I
I
I
L 1 
i i
c O
ta
o o 0 0 0 0 0o 0 0 0 0 0 0o o ouo o N
CO N N As 
(wdd) uoilejsuiaeuo3
o 0 0o 0 00)l (D CO)
169
"0
0
-J
E
:a
.-
0
m
0zC
0x
U)
0z
c
0
0
._C
a
Ccn
n9
0)
o0
(c
4:
.,
E
I.=,
N
0
V(C0
-J
0)
a-.
000
0I-N
CM0
E
00
.rco
0
CO.0
co
Un 1( C%) CN O- 0 c) E r- (D U
(juoiW %) UoIje4uaOuo
co
-N
CV
-0)
0
O
C ') N '- 0
170
4'E
._E
I-
N [ l11
I. _1 _ I I 1 I 1, I i I I l I I I
I I
[
I4
4 I
I
'
i I t I I I h. IT I I 4 I 
- ,_
(D
- co
-= CO,E Ln
t am m
a m
E
X14'
o o 0 0 O 0 0 0 0 0 0Co) O CD 0 0 0 C) 
C) co CD C'J 0N C0 D c to C'
(wdd) uo!:.eJWuaa)uo3
171
I-
a1 U
'O
0
-_
,C
01z
'-C
0
CD
0.E000
,
mE0O
0
co
i 
I
I- '~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
I
I
I I
I
0
0
..
i i i i i
. . . .
. . .
i i i I
N
C, M
o 
a) c)
r- Cc
+ +
o 0 0 0 0o 0 0 0 0
o C ooUC -N N -N coM q CN OV w- v
o o 0 oo 0 0 0
(wdd) uo!eJua3uoo
172
la
cu0
0)
.. J
a.-z00I
0X0z
0
.,
E0w
.0Q
1LE
0
U,)
0)
Co
i-
cD
UL
','
A
.i
EF'
Cl,
O
U73
.CM
LO
CD ._
Ct'
0 m
Cl
Lf ' Cf) CN r- c0 CD o u - coj LO I % Co, -o
(jeloW %) uo!jejua:)Uoo
173
la
A0
-J
E
Jm
0
0
-J
0
04i
-3
0
0Cu
co
-
._
I'J
A0co
0c_
00
1.CM0
._0(0
go
IC
cuO 
L..
a) M
w 
fn
o 0 0 0 0
o 0 0 0 0 0o O0 C (NI 0 o C)0 0 0o0 0 0 0co c (0(N
(wudd) uo!leJ1ua3uo3
174
A
"0
0
-,
E
"0
.a
0
0
0
,i
Cm
CM
.
I-
-0C
0
VvC0
E00
L.
laco0U,CD
U,
(D
LO
CO
E
E
IE
CO
0
L) CO)
I-
a) U)
LL O
by
o o 0 0 0 0o 0 0 0 0 0
o 00 CD CN 0
N So
CO CD C N
(wdd) uo!eJuaoUO3
175
la
co
0
,.J
E
a)
0
0
0
0
-
E0)CU0J
co
az0
U,
.O0
C'o00..
0)
.)t-
o3
O
C
e..
On
cO
I-
m
A
E
I-.
l'1
C
co
*t
,
CC
co)
0 0
5
E
I--
*N
O O 0 0 0 0 0 0 0 0 0 0 0 0 0 00 O 0 0 0 0 0 0 0 0 0 0 0 0 0O w CO l N 0 00 to -t N 0 00 co UN
m N CNN N N V- '- I- -
(wdd) uoiejluaeuo3
176
la
A0
-J
E
:5
0
0
._-
nw0
00
N
"'-C
m,
~..
I-
,.1V
ol0
-Jcma
0
0
0zc0.(n
._
0
CL
0o
0
tn
jj
FU ()~~~~~~~~~~~U
to t Co C r- 0 0 co r- (D LO "I t O (N r 0 rI' r- r- r- r) urlu
(JejojA %) UO!4RJ)UGD)UO3
0,. V- ~ ~ ~ ~ 0
. N ~
CD
.= I
_ >
E
I:-
,m
CDCO,0o
177
la
0
-j
30
-J
a-z00
.. INn0
00
CV
(U
0N
-
._
CLU)
')
.
CMsoc-
0U)
._c0
Coen
laV
CM0
.-J
0
-J
!
0.z0
0
N04w00N
Cd,
.XC(aC
I'-
C0-
oCa
(aC00U)
1.--00I.
C
Ca,L.)
o 0 0 0 0 0oD 0 0 0 0 0
o Co CO t N 0
NV - wr- r
0 0 0 0o 0 0 0
co co N
(wudd) uo!ieJuauoo
178
tD
un
0
.
cn
N1
r
O
cuO0
o o 0 0 0 0o o 0 0 0 0
o oo CO ( N 0
o o 0 0
o o o 0
oo (0 't3 (N
(wudd) uo!ieJ)ua3Uo3
179
A
'0
-J0
oo
-J0
o
om
f-
'0
._
0
n14*
N
0cn
O0Cu
._
EI-
.-c
0
n0-
o0)(1CU)
.a000~
0)
C)
0
U
C0
co
(o
LO
a,
E
EF-
C,
O
't
'I
!.
o~ 0 0) 0 0 0O o o 0 0 0
o o o o on -C( N (N (N
o 0 0 0o 0 0 o
CN 0 (o C
(uwdd) uo!iejuaouo3
180
(D
LO
A
(a0
3
-J0
0i
00.J!
0
0c=O
CO
..
emI-
a,
a.:0u)
e=
CmU)0)n
*-,
093A0z
c
._
0
UZ
I=0CO0
r_
co
'T
E
E
O
(This Page Intentionally Left Blank)
181
Appendix V
ENERAC AND MIT GAS CART RAW GAESOUS EMISSIONS DATA
182
Electrochemical Sensor Output vs. Infrared &Chemiluminesent Sensor Output
2/13/96 1 C2A2
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.5 7.0 338 356 538 715 706 805
3 7.5 6.9 339 356 546 715 718 805
6 7.5 6.9 336 356 546 736 719 805
9 7. 5[ 6.9 -335 356 546 736 720 805
12 7.5 6.9 336 356 544 736 718 805
15 7.5 7.0 332 356 545 715 721 764
18 7.5 7.0 329 356 544 715 720 764
21 7.5 7.0 332 356 543 715 719 805
24 7.5 7.0 334 356 542 715 719 805
AVE 7.5 6.97087 1 334.447 355.77 543.65 722.4 717.44 796.0333
STDEV 0 0.044271 3.26863 7.6E-06 2.443 10.371 4.2713 18.32095
2/13/96 1C2A3 I
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.5 7.0 1 329 356 547 715 726 805
3 7.5 6.7 329 356 547 715 726 795
6 j 7.5 7.0 325 356 546 715 724 805
9 _ 7.5 7.0 324j 356 546 715 726 805
12 7.5 7.0 329 356 542 726 721 805
15 7.5 7.0 332 356 542 726 720 805
18 r7.5 7.0 330 356 540 1 715 718 805
AVE 7.5 6.9692 328.343 355.77 544.13 718.449 722.641 803.7823
STDEV 0 0.10318 2.8835 1 4.4E-06 2.7101 5.06053 3.3757 3.925917
2/13/961 1B2A2 1 
C02 CO NO NOX 
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7 7.0 298 356 594 715 825 805
3 7 6.7 305 356 595 715 825 795
6 7 7.0 299 1 356 600 715 832 805
9 7 7.0 302 356 599 715 830 805
12 7 7.0 309 356 595 726 821 805
15 7 7.0 319 356 592 726 818 805
18 i 7 7.0 T 315 356 593 715 820 805
AVE 7 6.9692 i 306.874 355.77 595.25 718.449 824.56 803.7823
STDEV 0 0.10318 8.01193 4.4E-06 2.8251 5.06053 4.86 09 3.925917
183
2/13/96 L1B21A2
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7 6.6 320 254 587 809 821 836
3 7 6.6 320 254 591 809 826 826
6 5.3 4.8 252 203 462 601 656 608
9 5 4.8 232 203 402 591 573 608
12 4.9 4.8 230 203 400 560 575 598
15 4.9 4.8 229 203 399 560 575 598
AVE 5.6833 5.40345 263.911 1 220.25 473.67 654.988 671.24 678.891
STDEVI 1.0304 0.89376 44.6093 26.2433 92.556 120.307 122.47 118.1412
2/13/96 LB12A2
C02 CO I NO NOX
Time Enerac Gas Cart. Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 4.9 4.8 224 203 400 560 581 608
3 4.9 4.8 227 203 402 560 583 608
6 7 6.7 351 305 599 819 845 868
9 7.2 6.7 332 1 305 590 1 767 821 816
12 7.2 6.7 316 305 584 767 798 816
15 7.2 6.7 325 254 584 767 798 816
AVE I 6.4 6.09295 295.772 262.6 526.55 706.843 737.74 755.0624
STDEV 1.1645 0.99524 55.7282 49.9658 97.18 115.564 121.74 115.7424
2/15/96 1 C3A1
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _,_ _ _ _ I _
CO2 IICO II NO NOXI
Time t Enerac I Gas Cart Enerac Gas Cart j Enerac Gas Cart Enerac I Gas Cart
0 1 11.5 8.9 635 923 780 961
3 11.5 8.9 632 923 778 1003
6 11.5 8.9I 634 923 1 781 1003
9 11.5 8.9 1 1634 923 782 1003
12 11.5 8.9 1 635 923 784 1003
15 11.5 8.8 635 923 785 1003
18 11.6 8.8 j I ' 634 923 783 1003
AVE 11.514 8.8577 633.69 922.906 781.53 996.6838
STDEV, 0.03781 0.05123 11.0094 0 2.4532 15.70367
184
2/15/96 1C3A2
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 11.6 8.6 628 902 777 971
3 11.6 8.6 631 902 780 971
6 11.6 8.6 628 902 778 971
9 11.6 8.6 630 902 781 971
12 11.6 8.6 629 902 780 971
15 11.6 8.6 630 923 781 971
18 11.6 8.6 629 923 781 1003
AVE 11.6 8.5727 _ 629.11 908.09 779.34 975.9098
STDEV 1E-07 1.4E-07 1.0506 10.1211 1.6321 11.77775
2/15/96 R1 CB2A2
C02 cO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac GasCart Enerac GasCart
0 7.5 6.0 680 902 870 971
3 7.5 6.0 679 902 873 971
6 6.9 5.7 718 944 965 1023
9 6.9 5.6 712 944 965 1023
12 1 6.9 5.6 _ _ 706 923 964 1023
15 6.9 5.6 I 703 923 965 1023
AVE 7.1 5.7727 699.65 922.906 933.66 1006.082
STDEV10.3098 0.21017 16.463 18.5522 47.971 26.81912
2/15/96 1B21A3
C02 I CO NO I NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart I Enerac Gas Cart
0 7.3 6.0 733 1027 1007 1075
3 7.6 6.0 _ 765 1027 1044 1075
6 4.9 4.2 519 695 716 774
9 4.8 4.2 | 501 695 694 774
12 | 4.8 4.2 495 695 687 774
15 4.8 4.2 493 695 687 774
AVE 5.7 4.8032 584.3 805.368 805.76 874.5129
STDEV 1.3594 0.95973 128 .131 171.378 170.9 155.5509
185
2/15/96 1B1A2
_ C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5 4.3 164 508 516 726 721 826
3 5 4.3 161 508 522 726 731 826
6 5.1 4.4 161 508 522 726 731 836
9 5.1 4.4 161 508 523 726 732 836
12 5.1 4.4 159 508 526 726 737 816
15 5 4.4 159 508 525 715 736 816
18 5 4.4 158 508 524 715 736 826
AVE 5.0429 4.3457 160.541 508.23 522.68 722.894 731.8 826.0402
STDEV 0.0535 0.01025 1.88329 0 3.0769 | 5.06053 5.5747 8.48095
2/15/961 1 A1 
C02 CO NOX 
Time Enerac Gas Cart Enerac Gas Cart I Enerac Gas Cart Enerac Gas Cart
0 5.1 4.4 191 508 488 612 666 660
3 [ 5.1 4.3 176 508 492 591 673 670
6 f 5 4.3 166 508 490 601 670f 681
9 5 4.3 161 508 492 601 674 681
12 5 4.3 159 508 487 612 667 670
15 5 4.3 151 508 492 601 674 670
18 5 4.3 147 508 496 601 679 670
AVE 5.0286 4.3322 164.487 508.23 490.98 602.886 671.6 671.7191
STDEVi 0.0488 0.03505 15.0354 0 2.83261 7.15667 14.6056 7.167711
2/19/961 1B2A3 , _ i ,
C02 O NOf INO
Time Enerac Gas Cart Enerac I Gas Cart i Enerac I Gas Cart Enerac I Gas Cart
° 0 6.7 6.0 186 203 679 809 958 878
3 7 6.7 183 254 689 767 974 826
6 6.7 6.4 182 254 ] 685 778 9681 816
9 6.9 6.5 179 254 694 798 981 868
12 6.99 6.5 |181 254 695 819 982 899
15 6.8 | 6.4 179 254 695 824 971 940
18 7 6.7 183 | 254 708 861 985 945
AVE 6.8571 6.4472 182.0091 246.87 692.1 i 808.084 1974.181 881.6848
STDEVi 0.1272 i 0.21797 | 2.44721 19.2082 | 9.2833 i 3 1.1 7 4 7 19 .6 09 6 50.77199
,1 1_1_1______ I , __ I
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2/19/96 1B3A1 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 9.5 8.5 1105 1321 802 985 1050 1065
3 9.5 8.5 1112 1321 803 985 1053 1065
6 9.5 8.5 1086 1321 801 996 1052 1065
9 9.5 8.5 1061 1321 800 985 1053 1065
12 9.4 8.5 1040 1321 795 985 1050 1065
15 9.5 8.5 1045 1321 795 985 1051 1065
18 9.4 8.5 1032 1321 798 975 1055 1055
AVE 9.4714 8.4707 1068.69 1321.35 798.93 985.132 1052.4 1063.457
STDEV 0.0488 0.00794 32.2818 1.8E-05 3.0561 5.9877 1.8582 3.925917
2/19/96 1B3A2
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 9.4 8.2 966 1220 791 913 1052 992
3 9.4 8.4 949 1220 789 933 1054 1013
6 9.4 8.4 951 1118 789 928 1055 1023
9 9.4 8.3 924 1118 792 933 1061 1023
12 9.4 8.4 985 1220 793 944 1064 1029
15 1 9.4 8.5 930 1118 793 944 1065 1034
18 9.4 8.5 934 1118 790 944 1061 1034
AVE 9.4 8.3507 948.406 1161.63 791.24 934.017 1058.8 1021.167
STDEV 2E-07 0.10784 21.462 54.3289 1.6354! 11.3721 4.7272 14.64565
2/19/96 1A3A1
C02 I CO NO NOX I
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 12.4 8.7 466 570 544 608
3 12.4 8.7 | 469 570 546 608
6 12.4 8.7 471 550 549 587
9 12.3 8.7 465 550 541 587
12 12.3 8.6 464 534 539 566
AVE 12.36 8.6567 #DIV/0! #DIV/0! 467.19 554.735 543.71 591.294
STDEV 0.0548 0.04696 #DIV/0! #DIV/0! 3.0155 15.5565 3.555 17.38078
__ _ _ _ _ _ _ _1 _ _ ... . . . . ..
187
2/19/96 1lC1A3 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5 3.1 212 254 513 342 700 359
3 5 3.1 210 254 516 353 706 359
6 5 3.1 210 254 510 353 699 359
9 5 2.9 210 254 513 358 704 374
12 5 2.8 210 254 513 327 704 348
15 5 3.1 212 254 518 358 713 390
18 5 3.1 212 254 511 378 703 405
AVE 5 3.0482 210.897 254.13 513.24 352.501 704.46 370.4961
STDEV 0 0.13078 1.18129 0 2.8772 15.842 4.68 20.49389
2/19/96 1CB1A1
C02 CO NO NOX _
Time Enerac Gas Cart Enerac Gas Cart Enerac GasCart Enerac GasCart
0 4.9 3.0 224 254 509 384 702 400
3 4.9 3.4 225 254 512 399 706 405
6 4.3 1.8 180 224 511 415 724 457
9 4.4 3.6 . 170 254 537 461 757 499
12 4.4 3.5 168 254 534 456 755 499
15 4.4 3.4 167 254 535 1 461 757 499
_ _ _ _ _ _ I _ __
AVE 4.55 3.1337 189.139 249.048 523.09 429.419 733.66 459.8985
STDEV 0.2739 0.68911 28.0715 12.4483 13.851 34.6175 26.103 47.11509
2/21/96 1A1A2 I , I
C02 CO NO NOX |
Time Enerac Gas Cart Enerac , Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.3 T 5.9 230 254 474 482 652 494
3 5.4 J 5.5 254 254 483 461 665 494
6 5.4 5.3 261 254 484 487 668 499
9 5.4 5.1 262 254 480 498 661 535
12 5.4 5.6 264 254 479 467 661 488
15 1 5.4 5.5 264 254 479 461 661 488
18 5.4 ' 6.1 257 254 476 508 655 546
AVE 5.3857 5.5742 256.044 254.13 479.25 480.657 660.26 506.269
STDEV 0.0378 0.34855 12.0999 0 3.7316 18.3858 5.1468 23.77261
.,_____________ 1 _____ , _______ 1 1 _ 1 1_ _ ,:1 2 _ I
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2/21/96 1A1A3
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.3 4.8 260 254 481 415 666 442
3 5.3 5.1 266 254 481 461 666 478
6 5.4 4.8 264 254 487 404 674 411
9 5.3 4.9 262 254 484 451 672 457
12 5.3 4.5 271 254 483 394 669 400
15 5.3 4.0 275 254 483 373 668 395
18 5.3 5.2 260 254 483 435 670 452
AVE 5.3143 4.7672 265.358 254.13 483.3 419.171 668.99 433.56
STDEV 0.0378 0.4243 5.82719 0 2.2758 31.7445 3.0372 31.854
2/21/96 A1 B1
C02 CQ NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.6 3.3 325 254 429 244 573 255
3 5.6 3.8 323 356 431 285 578 296
6 _ 5.6 3.9 327 508 438 290 588 3019 5.6 3.9 327 508 440 290 591 301
12 5.6 3.9 327 508 440 290 591 301
12 5.6 3.9 323 508 442 290 594 301
15 5.7 4.0 309 508 446 290 601 301
18 5.6 4.0 303 508 448 290 603 301
AVE 5.6143 3.8297 319.503 450.15 438.92 282.867 589.74 294.0774
STDEV 0.0378 0.25581 9.5361 103.439 7.1375 17.4203 10.96 17.44716
2/21/96 1A1B2 
_ _ _ _ _ _ _ _ _I I
C02 CO _ I NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 _ 5.6 5.8 320 610 443 410 593 442
3 5.6 5.1 309 610 444 410 596 442
6 5.6 5.1 303 559 441 389 593 411
9 5.6 5.1 312 559 447 378 602 405
12 5.6 4.7 327 559 445 358 597 364
15 5.6 4.3 325 508 446 321 599 343
AVE 5.6 4.9922 316.03 567.52 444.09 377.564 596.94 401.0388
STDEV 0 0.50627 9.58233 38.2559 2.0397 33.8318 3.2665 40.4182
189
2/21/96 1A2A2_ __ _ 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.4 7.3 774 1016 620 487 822 535
3 7.4 7.0 759 915 633 461 837 504
6 7.4 7.1 796 915 635 467 839 530
9 7.4 7.0 750 1016 641 487 846 530
12 7.4 7.2 777 1016 640 503 844 525
15 7.4 7.3 798 1016 642 508 848 566
18 7.4 7.2 804 915 644 503 849 535
AVE 7.4 7.1567 779.656 972.87 636.53 488.064 840.56 532.2365
STDEV 0 0.12024 20.523 54.3289 8.1484 18.316 9.2059 18.44903
2/21/96 1A2A3 
C02 INO NOX
Time Enerac Gas Cart _.nerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.4 { 7.6 760 1118 644 498 849 546
3 7.4 7.6 753 1118 647 498 854 546
6 7.4 7.1 759 1016 642 467 849 514
9 7.4 7.5 759 1016 649 513 859 561
12 7.4 6.9 724 915 657 467 872 509
15 7.4 7.7 736 1016 650 560 861 639
18 7.4 6.7 729 1016 659 467 872 504
_ _ _ _ _ _ I _ _ _ _ _ _ I _ _ ___
'.AVE 7.4 7.2767 745.717 1030.95 649.61 495.472 859.46 545.5912
STDEV 0 0.39821 15.6196 70.1383 6.38061 34.1164 9.8829 46.54875
2/28/96 1B1A4
__ C02_I__ CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 4.8 3.8 204 254 467 415 668 447
3 4.9 3.8 202 254 462 404 661 431
6 4.9 3.8 202 229 461 410 659 426
9 4.9 3.6 202 229 462 404 660 421
12 4.8 3.4 202 229 460 394 657 411
15 4.9 3.4 200 229 465 394 663 411
18 4.9 3.3 199 203 461 384 657 400
21 4.9 3.3 202 203 455 378 649 400
24 4.8 3.3 202 203 451 378 644 395
AVE 4.8667 3.52337 201.847 225.897 460.35 395.713 657.5 415.7537
STDEV 0.05 0.22146 1.56271 19.8639 4.7472 13.4723 6.9405 17.02803
190
2/28/96 1B1A5
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.2 3.6 186 203 487 410 691 431
3 5.2 3.5 188 203 485 410 687 426
6 5.2 3.4 188 229 485 404 687 426
9 5.2 3.4 186 229 488 415 689 437
12 5.2 3.4 188 229 483 404 685 426
15 5.1 3.4 190 229 478 399 678 421
18 5.2 3.4 190 229 483 394 685 411
21 5.2 3.4 197 229 477 394 677 411
24 5.2 3.5 451 508 444 384 662 400
AVE 5.1889 3.4557 218.053 254.13 479.02 401.475 682.27 420.9472
STDEV 0.0333 0.06641 87.3579 95.9206 13.772 9.7396 9.0892 11.61302
2/28/96 1C2A4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.9 4.8 506 508 589 508 776 566
3 7.9 5.0 498 508 590 456 779 494
6 7.8 5.5 467 508 618 508 824 566
9 7.8 5.4 465 508 621 524 830 546
12 7.8 5.2 474 508 621 508 828 546
15 7.8 4.9 465 508 626 508 836 525
18 7.8 4.9 470 508 j 624 487 833 546
21 7.8 5.0 465 508 1623 508 833 535
24 7.8 4.8 465 508 622 518 832 598
AVE 7.8222 5.05753 475.15 508.23 615.09 502.88 818.76 546.7453
STDEV 0.0441 0.2701 15.7438 0 14.575 20.0834 23.843 29.12273
2/28/96 1 C3A3 I 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 11.9 6.9 5997 667 529 796 566
3 11.9 7.0 5997 664 539 791 572
6 11.9 6.8 5997 660 524 787 546
9 11.9 6.9 5997 656 529 784 556
12 11.9 6.9 5997 654 529 781 556
15 11.9 6.8 6302 653 508 780 540'
18 11.9 6.7 _ 5997 651 503 780 525
21 11.9 6.997 648 518 775 551
24 11.9 6.4 5692 644 498 780 504
I_ _ 5 9 9 I 6 4 8 _ _ - I I.
AVE 11.9 6.81103 #DIV/0! 5996.79 655.27 519.589 783.48 546.1683
STDEV 0 0.18298 #DIV/0! 152.46 7.3137 13.9088 6.6309 21.00712
_ _ __ 1 I .. 1 1_
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2/28/96 1C3A4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 11.9 6.4 4980 641 487 779 514
3 11.9 6.4 4980 641 482 780 546
6 11.9 6.0 5692 640 508 779 525
9 11.9 6.7 5692 638 472 776 504
12 11.9 6.4 5692 638 446 777 478
15 11.9 6.4 5489 635 461 770 473
AVE 11.9 6.3747 5420.83 638.91 476.088 776.58 506.64
STDEV 0 0.1938 350.13 2.51 21.6097 3.3448 27.82282
2/28/96 1C21A2
C02 CO NO NOX
Time Enerac Gas Cart Eerac i Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.8 4.8 467 508 626 508 839 535
3 7.8 5.4 465 508 625 508 837 566
6 6 3.8 305 254 511 j 353 680 390
9 5.6 3.9 183 254 462 353 594 390
12 5.6 3.8 217 254 456 358 589 379
15 f 5.6 3.6 228 254 454 342 588 379
AVE 6.4 4.2222 310.873 338.83 | 522.3 403.491 687.86 439.99
STDEV 1.0954 0.71529 126.823 131.217 82.643 81.1604 121.08 86.50985
2/28/961 1C1A4 I
C02 CO _ _ NO NOX 
Time Enerac Gas Cart Enerac 1Gas Cart Enerac Gas Cart I Enerac Gas Cart
0 5.5 3.9 235 254 456 1 404 591 426
3 5.5 3.4 217 254 514 404 685 447
6 5.5 3.5 217 254 512 404 686 437
9 5.5 3.6 219 254 - 514 404 689 437
12 5.5 4.0 221 254 512 384 686 442
15 5.5 3.8 222 254 510 425 685 442
18 5.4 3.8 225 254 509 446 683 483
21 5.5 4.0 227 254 509 404 683 442
AVE 5.4875 3.77026 222.796 254.13 504.32 409.541 673.53 444.318
STDEV 0.0354 0.22624 6.27693 0 19.595 18.3858 33.265 16.88601
0.22 I--7 6 9 3 , ' . . . ..
, v ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2/28/96 1CB1A3
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.4 3.9 225 254 511 404 686 442
3 5.4 3.9 225 254 512 404 688 462
6 5.1 3.8 162 254 556 404 765 462
9 5.1 3.6 158 508 559 446 778 546
12 5.2 3.4 156 254 563 461 793 494
15 5.2 3.6 154 254 570 467 807 546
AVE 5.2333 3.72345 180.115 296.48 545.12 431.147 752.83 491.925
STDEV 0.1366 0.17861 35.2147 103.736 26.637 30.1325 52.889 44.7566
2/28/96 1 1 2A3
C0 2 CO NO _ NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.2 3.6 154 254 572 456 814 504
3 5.2 3.7 154 254 572 498 815 514
6 7.4 5.5 227 508 742 695 1045 847
9 7.9 5.4 280 508 839 736 1177 816
12 8.1 5.4 305 508 851 788 1189 836
15 8.1 I 5.3 308 305 852 757 1191 836
AVE 6.9833 4.81545 | 237.759 389.65 738.05 654.988 1038.5 725.6325
STDEV 1.409 0.88139 1 .4634 131.217 1134.841 141.809 181.68 167.9571
2/28/96 1B2A4 
| C02 " CNO t NOX
Time Enerac I Gas Cart Enerac I Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.4 5.3 234 I 254 811 664 1139 753
3 7.2 5.1 203 508 766 612 1076 733
6 7.2 5.1 200 508 748 633 1038 712
9 7.2 5.2 | 197 508 748 612 1037 701
12 7.3 5.4 198 508 746 633 1035 712
15 7.2 4.9 194 305 748 622 1037 691
18 7.2 5.1 192 508 749 633 1040 691
21 7.2 4.9 194 508 749 622 1040 691
AVE 7.2375 5.12214 201.663 451.058 757.96 628.629 1055.3 710.4848
STDEV 0.0744 0.16921 13.6234 106.731 22.377 16.5728 36.314 22.509921_i.  22 37 I_ _I
!93
3/6/96 1C12A3
C02 CO NO NOX
Time Enerac Ga3 Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.5 4.3 409 203 664 518 919 587
3 7.5 4.3 412 203 670 513 928 587
6 7.5 4.1 411 203 670 529 927 577
9 7.1 5.9 400 508 674 679 933 764
12 5.4 6.0 249 508 495 664 668 759
15 5.4 5.9 245 508 485 674 657 753
AVE 6.7333 5.05695 354.337 355.77 609.8 596.219 838.84 671.1008
STDEV 1.0443 0.92777 83.2841 167.012 92.871 83.6137 136.64 95.89945
3/6/96 1CBIA4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Eneract Gas Cart Enerac Gas Cart
0 5.4 4.5 241 203 479 467 652 535
3 5.4 4.6 241 203 478 487 652 546
6 4.8 4.3 202 203 487 570 679 660
9 5 4.1 166 203 571 581 835 675
12 5 4.3 . 160 203 570 586 j839 681
15 5 4.3 159 203 569 612 839 681
AVE 5.1 4.3447 194.848 203.31 525.76 550.414 749.27 629.5528
STDEV 0.2449 0.15398 39.028 [ 0 48.9 58.8883 96.937 69.55542
3/6/96 1B21A4 ] 1 1
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5 4.2 160 203 584 575 853 691
3 5 4.3 166 203 576 612 850 712
6 5 4.2 166 203 574 591 849 670
9 8.3 6.9 436 508 843 819 1213 982
12 8.5 6.7 376 508 816 840 1136 951
15 8.5 6.6 369 457 811 871 1127 961
AVE 6.7167 5.4857 279.749 347.3 700.75 718.078 1004.6 827.7714
STDEV 1.8819 1.37855 127.071 158.821 134.78 138.745 171.39 150.7249
3/6/96 1 BC2A2 1 1__!..
C02 co NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Eneracl Gas Cart
0 6.8 5.4 177 203 675 653 952 733
3 6.8 5.5 176 203 677 643 954 733
6 7.6 6.0 401 508 720 700 988 795
9 7.6 6.0 425 508 729 695 996 784
12 ] 7.6 6.0 430 508 724 684 989 784
15 7.6 6.0 425 508 727 695 992 784
s , .I ... I___I _ ,
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AVE 7.3333 5.8217 339.051 406.59 708.78 678.323 978.61 768.9117
STDEV 0.41311 0.3119 126.512 157.46 25.523 24.1928 20.313 28.44597
3/6/96 1C21A4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.6 6.0 428 508 731 679 999 774
3 7.6 6.0 436 508 732 690 999 779
6 5.5 4.3 280 203 606 529 835 613
9 5.1 4.3 225 203 580 503 795 577
12 5.2 4.3 223 203 577 518 791 587
15 5.1 4.3 221 203 570 513 793 582
AVE 6.0167 4.88895 302.218 304.95 632.61 572.02 868.69 652.058
STDEV 1.2352 0.89376 102.96 157.46 77.399 87.4901 102.6 97.36947
3/6/96 1 CB2A3
C02 CO NO INOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.5 5.9 414 508 721 679 987 759
3 7.5 5.9 418 508 719 684 983 764
6 7.1 5.4 275 203 733 674 1014' 753
9 7 5.4 191 203 719 664 1006 753
12 7 5.4 193 203 766 736 1084 805
15 7 5.4 192 203 777 695 1117 795
AVE 7.1833 5.5452 280.67 304.95 738.99 688.694 1031.7 771.5085
STDEV 0.2483 0.25484 109.661 157.46 25.897 25.4917 55.242 22.69744
3/6/96 1B21A4
C02 CO o NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 6.8 5.4 178 203 767 684 1099 774
3 6.8 5.4 196 203 764 715 1095 790
6 5.3 4.0 172 203 644 529 931 598
9 4.9 4.0 175 203 558 518 799 577
12 4.9 4.0 175 203 554 529 798 598
15 4.9 4.0 173 203 554 529 801 587
AVE 5.6 4.4497 178.089 203.31 640.17 584.12 920.6 653.7891
STDEV 0.9423 0.72115 8.76835 0 102.8 90.3329 146.03 99.65116
195
3/6/96 1BC1A3
C02 CO NO NOX
Time Enerac IGas Cart Enerac GasCart Enerac GasCart Enerac Gas Cart
0 4.8 4.0 175 203 552 534 799 598
3 4.8 4.0 177 203 550 534 797 587
6 5.2 4.3 224 254 537 508 762 556
9 5.2 4.3 231 254 528 498 735 546
12 5.2 4.3 232 254 526 503 729 556
15 5.2 4.2 234 254 527 503 731 561
AVE 5.0667 4.15395 212.16 237.19 536.78 513.251 758.77 567.2308
STDEV 0.2066 0.13453 28.4481 26.2433 12.058 16.398 32.689 20.3587
I I . __iI
3/6/96 01C21A4 I
C02 CO - NO - NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac - Gas Cart Enerac Gas Cart
0 5.1 4.3 233 254 528 508 730 566
3 5.1 4.3 233 254 528 513 730 561
6 7 5.4 370 508 1666 674 902 727
9 7.3 5.7 404 508 701 664 946 733
12 1 7.3 5.7 399 508 699 669 944 733
15 7.3 5.7 406 508 698 684 941 753
AVE {6.5167 5.1742 340.893 423.53 1636.39 1 618.69 865.3 678.891
STDEV 1.1035 0.7031 84.4433 131.217 85.1 83.9774 106.23 89.63365
3/6/96 1CB2A4 t i
C02 CO NO I NOX
Time IEnerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac i Gas Cart
0 7.3 5.8 406 508 701 674 944 753
3 7.3 5.8 399 508 701 684 944 743
6 6.8 5.5 213 254 780 757 1087 857
9 6.9 5.5 188 254 795 798 1130 | 868
12 6.9 5.5 186 203 797 757 1137 868
15 6.9 5.5 177 203 1 796 788 1140 868
AVE 7.0167 5.6292 261.333 321.89 761.5 743.142 1063.4 826.0402
STDEV 0.2229 0.12471 109.823 146.117 47.585 52.3367 94.837 60.5661
3/6/96 1 BC2A3
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 6.9 5.5 166 203 792 783 1144 878
3 6.9 5.5 168 203 793 798 1147 878
6 7.4 5.9 351 508 753 736 1049 805
9 7.5 5.9 385 508 750 757 1025 816
12 7.5 5.9 389 508 745 731 1017 816
15 7.5 5.9 393 508 735 , 747 995 816
_ _ _ 7 4 5 I _ I 3 1 _
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AVE 7.2833 5.7517 308.663 406.59 761.341 758.698 1062.9 834.696
STDEV 0.2994 0.19163 110.841 157.46 25.071 26.7778 66.286 33.76441
3/7/96 1BC2A4 _
C02 j CO NOI NOX
Time Enerac Gas Cart Enerac GasCart Enerac asCart Enerac Gas Cart
0 6.7 5.7 188 1 254 661 643 918 670
3 6.7 5.7 187 254 663 653 922 681
6 7.2 6.0 347 508 671 653 921 696
9 7.2 6.0 394 508 670 653 908 691
12 7.2 6.0 392 508 670 653 909 691
15 7.2 6.0 392 508 673 653 911 691
AVE 7.0333 5.9302 316.767 423.53 668.18 651.531 914.83 686.6813
STDEV 0.2582 0.17351 101.863 131.217 5.02 f 4.23394 6.3534 9.529282
3/7/96 1 CB2A5
C02 CO NO NOX
Time Enerac Gas Cart Enerac GasCart Enerac GasCart Enerac GasCart
0 7.1 6.0 | 406 508 656 638 883 670
3 7.1 6.0 408 1 508 665 I 643 894 670
6 6.6 5.5 239 254 627 612 858 649
9 6.6 5.5 191 254 623 633 864 670
12 6.6 5.5 186 254 622 622 867 660
15 6.6 5.5 186 254 625 633 874 681
AVE 6.7667 5.6992 269.068 338.83 636.39 629.925 873.44 666.7729
STDEV 0.2582 0.23466 108.413 131.217 18.912 11.2419 13.214 10.72765
3/7/96 1B21A5 
C02 CO I NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 6.8 6.2 190 305 684 638 942 670
3 6.8 6.0 192 305 686 653 948 712
6 5 4.4 190 305 569 518 792 546
9 4.7 4.6 191 305 520 493 729 535
12 4.7 4.6 190 305 518 498 731 525
15 4.7 4.6 190 305 510 487 723 530
AVE 5.45 5.08845 190.613 304.95 581.31 547.821 810.68 586.2736
STDEV 1.0521 0.81011 0.92451 4.8E-06 83.007 76.5396 107.07 82.47152
197
3/7/96 1BCIA4 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.1 4.9 177 305 571 560 819 587
3 5.2 5.1 177 305 569 544 817 587
6 5.5 5.4 241 508 538 487 749 525
9 5.5 5.4 250 508 535 493 718 530
12 5.5 5.3 249 508 537 493 717 530
15 5.5 5.3 250 508 530 498 704 530
AVE 5.3833 5.22845 223.763 440.47 546.85 512.387 754.02 548.188
STDEV 0.1835 0.18862 36.5269 104.973 18.41 31.3569 51.959 30.23848
3/12/96 1 A2Ad 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.7 6.0 1092 1016 645 570 863 608
3 7.7 6.0 1070 1016 639 570 854 608
6 7.7 5.7 1041 1016 636 570 851 598
9 7.7 5.7 1048 1016 637 570 851 618
12 7.7 5.9 1036 1016 638 570 857 608
15 7.7 5.9 985 1016 642 560 863 598
AVE 7.7 5.8742 1045.15 1016.43 639.7 568.563 856.48 606.182
STDEV 1E-07 0.15026 36.1686 1.4E-05 3.2019 4.23394 5.6025 7.81905
3/12/96 1A1A4 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 5.2 4.0 223 254 555 456 748 473
3 5.2 4.0 220 254 f 561 467 757 483
6 5.3 35.7 239 254 571 467 771 473
9 5.3 4.1 234 254 578 467 783 473
12 1 5.2 4.0 215 254 571 472 776 48t
15 5.2 4.1 219 254 571 467 777 483
18 5.1 4.0 200 254 j 565 446 768 462
21 5.2 4.0 1 215 254 563 467 765 483
AVE 5.2125 8.00439 220.724 254.13 566.87 463.341 768.18 477.4265
STDEV 0.0641 11.1843 11.9561 0 7.2952 8.28638 11.199 8.528145
198
3/12/96 1A1B3 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 6 4.8 559 610 572 477 769 504
3 6 4.8 562 610 581 498 782 514
6 6 4.8 575 610 583 487 786 494
9 6 4.8 580 610 582 487 784 514
12 6 4.8 567 610 587 487 792 514
15 6.1 4.8 573 610 577 472 777 504
18 6 4.7 544 610 574 487 774 504
21 6 4.7 569 610 581 467 783 494
AVE 6.0125 4.7717 566.174 609.87 579.5 482.786 780.65 505.3416
STDEV 0.0354 0.05556 11.3296 0 4.8867 10.1605 7.1557 8.66819
3/12/96 1A1B4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 6 4.8 547 610 594 467 802 462
3 6 4.9 535 610 582 487 788 504
6 6.1 4.9 562 610 586 477 796 494
9 6.1 4.8 580 610 595 487 809 504
12 6 4.9 513 610 584 477 794 504
15 6 4.8 504 610 586 487 796 514
18 6 4.8 535 610 590 487 802 504
21 6 4.8 526 610 583 467 791 494
AVE 6.025 4.86358 537.721 609.87 587.53 479.545 797.19 497.5513
STDEV 0.0463 0.05197 25.1281 0 4.9643 9.19291 6.8977 15.64221
3/13/96 1AlCi 
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.2 5.5 1099 1016 603 518 822 535
3 7.2 5.5 1101 1016 599 508 818 535
6 7.2 5.5 1134 1016 595 508 813 546
9 7.2 5.5 1138 1016 592 508 811 540
12 7.2 5.5 1155 1016 597 518 819 546
15 7.2 5.4 1156 1016 591 487 812 546
18 7.2 5.4 1169 1016 595 487 819 530
AVE 7.2 5.5007 1135.94 1016.43 595.93 505.103 816.57 539.6558
STDEV 0 0.08198 27.1944 1.8E-05 4.1669 13.0007 4.3067 6.310029
- I I I
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3/13/961 A1C21 I 
I C02 CO NO | NOX
Time Enerac Gas Cart Enerac GasCartj Enerac Gas Cart Enerac GasCart
0 7.2 6.0 11168 1118 1 609 550 839 577
3 7.2 5.9 1161 1118 610 518 832 566
6 7.2 5.9 1144 1118 617 529 842 566
9 7.2. 5.7 1172 1016 612 518 835 546
12 7.2 5.6 1154 1118 615 518 840 566
15 7.2 5.7 1144 1016 618 534 844 566
18 7.2 5.8 1153 1016 625 529 854 566
AVE 7.2 5.7902 1156.46 1074.51 614.94 528.067 840.56 564.8813
STDEV 0 0.11879 11.2663 54.3289 5.4979 11.3721 7.2072 9.345552
3/13/96 1A1C3
C02 C NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.3 6.0 1167 1118 635 539 865 566
3 7.2 6.0 1140 1118 633 550 864 577
6 7.2 6.0 1138 1118 647 550 885 587
9 7.3 5.9 .1179 1016 645 544 885 577
12 7.2 5.6 1160 1016 647 518 889 551
15 7.2 5.6 1166 1016 655 518 901 546
18 7.3 5.5 1167 1016 660 508 908 535
AVE 7.2429 5.8037 1159.62 1059.99 645.83 532.512 885.34 562.6556
STDEV 0.0535 0.20021 15.0141 54.3289 9.9627 17.1237 16.406 19.13255
3/13/96 1AIC4
C02 CO NO NOX
Time Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart Enerac Gas Cart
0 7.2 5.7 1181 1016 672 508 933 546
3 7.2 5.6 1171 1016 670 508 930 525
6 7.3 5.6 1138 915 676 487 941 525
9 7.3 5.5 1171 1016 678 498 945 525
12 7.3 5.5 1186 1016 676 487 942 530
15 7.2 5.5 1158 1016 683 498 955 525
18 7.3 5.5 1154 1016 681 493 950 535
AVE 7.2571 5.5922 1165.62 1001.91 676.59 496.954 942.34 530.0107
STDEV 0.0635 0.06105 16.666 1 38.4163 4.3562 8.69175 8.5444 7.933202
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